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SUMMARY
Tsunamis are gravity water waves that are generated by impulsive disturbances
such as submarine earthquakes, landslides, volcanic eruptions, underwater explosions
or asteroid impacts. Submarine earthquakes are the primary tsunami source, but
landslides may generate tsunamis exceeding tectonic tsunamis locally, in both wave
and runup heights. The field data on landslide tsunami events are limited, in par-
ticular regarding submarine landslide dynamics and wave generation in the impact
region. The objective of the present study is to physically model tsunamis gener-
ated by three-dimensional deformable granular landslides. Predictive equations for
tsunami wave and runup characteristics are obtained which may be used for initial
rapid hazard assessment and mitigation.
The physical model was setup in the NEES 3D tsunami wave basin at Oregon
State University in Corvallis, Oregon. A pneumatic landslide tsunami generator was
deployed to simulate natural landslide motion on a hill slope. The instrumentation
consists of four underwater and above water cameras, a particle image velocimetry
(PIV) camera, twenty five wave and runup gauges and a multi-transducer acoustic
array (MTA). The subaerial landslide shape and kinematics on the hill slope and the
surface elevation of the offshore propagating tsunami wave and runup on the hill slope
are measured.
The evolution of the landslide front velocity, maximum landslide thickness and
width are obtained along the hill slope. The landslide surface velocity distribution
is obtained from the PIV analysis of the subaerial landslide motion. The shape
and the size of the submarine landslide deposit are measured from the MTA data.
xvi
The subaerial landslide impact on the water surface displaces water away from the
impact region. The leading tsunami wave crest and trough are generated by the water
displacement and the subsequent drawdown. The trailing waves are generated by the
subsequent oscillating shoreline runup and drawdown on the hill slope until the still
water surface is restored. The 3D tsunami waves propagate away from the landslide
source as radial wave fronts.
The amplitudes of the first 3 waves decay in the radial and the angular direction.
The rate of radial decay is primarily dependent on the landslide width and Froude
number at impact. The angular decay follows cos θ and cos2 θ for the first and the sec-
ond wave, respectively . The first wave amplitudes depend primarily on the landslide
Froude number and relative thickness at impact. The landslide volume mainly influ-
ences the amplitudes of the second waves. The wave celerity of the leading tsunami
wave may be approximated by the solitary wave speed while the trailing waves are
slower due to the dispersion effects caused by decay in wave period and wavelength
from the front to the back of the wave. The wave periods and wavelengths are depen-
dent on the landslide Froude number, landslide thickness, width at impact and the
landslide volume. The wave periods and wavelengths increase with the propagation
distance due to dispersion effects but vary minimally in the angular direction.
Between 1-15% of the landslide kinetic energy is converted into the wave train
energy in the experimental study. The efficiency of wave generation is relatively low
in 3D as compared to 2D due to energy dissipation by frictional losses and internal
deformations during the landslide motion and the distribution of the unidirectional
landslide energy by the radial wave. The landslide generated waves are weakly non-
linear in nature and span from shallow to deep water depth regimes with the bulk of
the waves in the intermediate water depth regime. Analytical wave theories describing
the 3D tsunamis in the present study are limited to segments of the wave train or
specific cases, but certain wave profiles may be approximated by Stokes theory or
xvii
cnoidal wave theory depending on the water depth regime. The experimental data




Tsunami is a Japanese word with ”tsu” meaning harbor and ”nami” meaning wave.
The term ”harbor wave” for a tsunami is deficient of the description of the source
mechanism for the wave generation. Tsunamis belong to the class of gravity wa-
ter waves with long wave periods and long wavelengths relative to the ocean depth.
Tsunamis are barely perceptible in the deep ocean due to their large wavelengths and
small wave heights. However, as they approach shallow waters, they undergo wave
shoaling, diffraction, refraction and wave breaking depending on the bathymetry and
the topography of the coastal region. In general, tsunamis are caused by the dis-
placement of a large volume of water due to impulsive disturbances such as subma-
rine earthquakes, landslides, volcanic eruptions, underwater explosions or asteroid
impacts. Tsunamis are primarily generated by earthquakes but landslides can often
generate tsunamis with extremely high waves and runup compared with earthquake
tsunamis but the generated waves usually decay faster. Landslides account for roughly
10% of tsunamis observed in the oceans (Kajiura (1990)).
The term landslide is used to describe the movement of a mass of rock, debris or
earth down a slope (Cruden (1991)). The mass flow may be grouped into high density
rock and soil movements and low density glacier falls and snow avalanches (Cruden
and Varnes (1996), Hutter et al. (2005)). Landslides are primarily triggered by seismic
activity but other possible causes can be precipitation, changes in water levels close
to slopes, failure of natural dams, volcanic eruptions or erosion (Cruden and Varnes
(1996)). A comprehensive study on the landslide initiation process and dynamics is
beyond the scope of this work. Herein, focus in on the hazardous effects of landslides
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in relation with tsunami generation. Tsunamis generated by landslides may be clas-
sified based on the initial position of the landslide as subaerial, partially submerged
or submarine landslide generated tsunamis depending on the initial position of the
landslide relative to the water depth. There is a gradual transition from subaerial to
submarine case with increasing depth of landslide submergence. This classification
is commonly used for observations and in describing the landslide generated tsunami
models.
Figure 1: Phases of landslide generated tsunamis: wave generation, propagation
and runup
Landslide generated tsunamis can occur either in coastal areas or in closed water
basins such as bays and lakes. Submarine landslide generated tsunamis can also
occur offshore where the continental shelf breaks. The initial position of the landslide
determines the characteristics of the generated tsunami and the importance of air as
the third phase. The landslide tsunami process involves the landslide motion, tsunami
wave generation, landslide runout, tsunami propagation and runup. These processes
are studied independently but in the context of landslide tsunamis, these need to be
coupled. The landslide tsunami schematics are shown in Fig. 1.
Landslide generated tsunamis may pose a hazard in populated coastal areas and
are of particular concern in confined water bodies such as bays, fjords, lakes and reser-
voirs. The largest recorded tsunami waves in history were generated by a landslide at
Lituya bay in Alaska in 1958. The event generated a tsunami wave which reached a
wave runup of 524 m as shown in Fig. 2 (Miller (1960), Fritz et al. (2001), Fritz et al.
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(2009)). The landslide was a result of an earthquake which had a Moment magnitude
Mw of 8.3 on the Richter scale (Tocher and Miller (1959)).
(a)
(b)
Figure 2: The 1958 Lituya bay landslide tsunami event: (a) trimline of the tsunami
runup measured from the destroyed vegetation and (b) maximum recorded tsunami
runup of 524 m in the direction of landslide prolongation (Miller (1960), Fritz et al.
(2001)).
One of the most destructive tsunamis generated by landslide occurred in the Va-
jont reservoir, Italy in 1963 (Müller (1964)). The reservoir was formed when a dam
measuring 265.5 m high was constructed across a narrow portion of the Vajont river
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with a width of 160 m. The drawdown of water in the reservoir led to the collapse of
the southern flank of Vajont reservoir on October 9, 1963. The partially submerged
landslide with a volume of 0.24 km3 penetrated like a piston almost horizontally into
the reservoir with speeds up to 30 m/s. The wave runup in the direct prolongation
of the slide axis reached 270 m above the reservoir level before impact corresponding
to 245 m above the dam crest (Müller (1964)). The generated dam break like flood
wave overtopped the dam by more than 100 m destroying the village of Longarone
resulting in 2000 casualties (Müller (1964)).
A few of the important landslide generated events in the last two centuries are
summarized in Table 1. The summary includes the date, location of the event, gov-
erning parameters such as the slide volume Vs, hill slope angle α and the water depth
h. Also included are the wave runup heights R and the number of fatalities.
The hazards associated with landslide generated tsunamis are usually due to
tsunami runup along the shoreline and overtopping of dams. Landslide tsunamis
are often triggered unexpectedly after a strong earthquake and they usually have ex-
tremely short propagation times to target coastlines (for e.g. Skagway, Alaska 1994;
Kulikov et al. (1996), Synolakis et al. (2000)). Hence robust warning systems are nec-
essary to predict the landslide motion as well as the tsunami generation and runup
impact. It is often difficult to prevent a landslide from occurring, but in some cases it
was possible to arrest active landslide creeping with massive remedial methods. The
most costly example is of the Clyde dam in New Zealand. The creeping of most active
slides were stopped by a combination of drainage works to lower the ground water
level and large scale mass displacements by unloading the head of active frontal lobes
and buttressing the toe of the lobes (Jennings et al. (1991), MacFarlane and Gillon
(1996), MacFarlane and Jenks (1996), Gillon and Saul (1996)). Landslide monitoring
can help predict the landslide failure and impact, and aids in hazard mitigation of
the generated tsunami wave.
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The field data from landslide tsunami events are quite sparse and limited to very
few cases. The landslide field data is limited to landslide scarps and subaqueous
deposits where mapped. The tsunami field data are limited to far-field wave mea-
surements and trimline from the vegetation destroyed by the tsunami runup. The
near-field information in the wave generation region is not available. Hence an effort
is needed to physically and numerically model landslide tsunamis in order to improve
the understanding of such events and aid in hazard prediction and mitigation. The
observations and conclusions from physical models and field data can provide for the
validation, verification and advancement of numerical models and supplement the
development of robust warning systems for tsunamis generated by landslides.
A concise understanding of landslide tsunamis requires multidisciplinary stud-
ies that build upon experiences in engineering seismology, geotechnical engineering,
marine geology, modeling of sediment deposition and runout and hydrodynamics.
However a comprehensive study is beyond the scope of a single Ph.D thesis. The
aim of the present work is to physically model fully three-dimensional tsunamis gen-
erated by deformable granular landslides. The focus is on the landslide kinematics
during impact, near field wave characteristics during the landslide impact, tsunami





The hazardous nature of landslide generated tsunamis is compounded by the limited
availability of field data on the slide motion, near-field wave characteristics in the wave
generation region and the wave train. Physical and numerical modeling of landslide
generated tsunamis are needed to explore the inherent link between the landslide and
the generated wave characteristics. The process of landslide generated tsunamis can
be divided into the following categories.
• The mechanism of tsunamigenic landslides.
• The tsunami wave generation in the near field region.
• The tsunami wave propagation.
• The hazards associated with tsunami wave runup and impact.
These categories have been studied independently, but in the context of landslide gen-
erated tsunamis, these processes are coupled and need to be studied simultaneously.
This chapter begins with the classification of events and inferences derived from
observations of landslide generated tsunami events. This is followed by a brief intro-
duction on landslides and a review of the physical and numerical modeling efforts of
deformable granular landslides. This is followed by a section on landslide generated
tsunamis. In this context, physical and numerical modeling of landslide generated
tsunamis are presented. The chapter concludes with a summary of the identified
research gaps that need to be addressed.
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2.2 Landslide generated tsunamis
The landslide generated tsunamis belong to the gravity water waves family. These
impulsive waves are a response generated by an impulsive disturbance on the water
body. Landslide driven tsunamis are described by the parameters shown in Fig. 3.
(a)
(b)
Figure 3: Landslide generated tsunamis: (a) definition of parameters in the direction
of slide motion; (b) coordinate system to quantify the generated tsunami wave.
The landslide may be characterized by the slide thickness s, slide width b, slide
length ls, slide velocity at impact vs and slide density ρs. The slide velocity can be
characterized by either the slide centroid or the slide front velocity. In the case of a
broadly spreading deformable landslide, the estimation of the slide centroid velocity
may become tedious and thus slide front velocity can be used to describe the slide
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dynamics. The alongshore topography may be approximated by either a linear (Enet
and Grilli (2005), Enet and Grilli (2007), Liu et al. (2005), Panizzo et al. (2005))
or a curved coastline (Briggs et al. (1995), Risio et al. (2009b)). The bathymetry of
the basin can be approximated by the still water depth h and the hill slope angle α.
Two different coordinate systems are used in the study. For studying the landslide
dynamics the origin is fixed at the initial rest position of the landslide and the co-
ordinate system follows the topography of the terrain. The generated impulse waves
are studied in a cylindrical coordinate system where the origin may be fixed at the
impact location or the intersection of the waterline with the hill slope. The waves η
are defined as a function, f(r, θ, t), where r is the distance from the origin relative to
the landslide direction. The landslide direction corresponds to θ = 0◦ while the runup
direction on the hill slope corresponds to θ = +90◦ and −90◦. The wave characteris-
tics are described by the wavelength L, wave period T and wave height H. The crest
and trough amplitudes are denoted as ac and at. Linear wave approximation yields
equipartition of the wave height. But the nonlinearity of landslide generated tsunamis
may yield wave crests and troughs which deviate from equipartition of wave height.
The individual waves from the landslide generated tsunami wave train can be iden-
tified using the upcrossing technique, wavelets, or Fourier analysis. The wavelength
can be described from upcrossing to upcrossing points, downcrossing to downcrossing
points, crest-to-crest or trough-to-trough. These wavelengths are the same in the
case of a linear wave. However, these quantities are different for a landslide generated
tsunami due to the difference in the wave generation mechanism between the first
and second wave crest and trough. The individual wave celerity c can be determined
from the above wave quantities.
The landslide generated tsunami events are commonly classified into three cate-
gories based on the initial position of the slide relative to the water body as shown
in Fig. 4. These are
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• Subaerial landslide generated tsunamis involves all the three phases of air,
water and slide material. This involves the subaerial landslide motion, impact
of landslide on the water surface and the submarine runout and deposition. In
general, the wave train starts as an elevation. In some high velocity impact
cases, the formation of an impact crater separates the water surface from the
slide surface.
• Partially submerged events also involve all the three phases.
• Submarine or subaqueous landslide generated tsunamis can be treated as two
phase flow involving only the slide and water. In this case, the initial landslide
position is fully submerged underwater and generally the wave train begins with
a depression or a trough
The tsunami wave heights tend to decrease with increasing submergence of the initial
position of the landslide. The results from the subaerial, partially submerged or the
submarine landslide generated tsunami cases are not transferable among them.
(a) (b) (c)
Figure 4: Classification of landslide generated tsunami based on the initial position
of the landslide: (a) subaerial; (b) partially submerged and (c) subaqueous.
2.3 Inferences from Landslide Generated Tsunami Events
The main conclusions from Table 1, the available documentation and review of his-
torical cases are summarized below:
• The combined documented human death toll from mass flow generated tsunamis
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probably exceeds 60,000 (Table 1). This number is inclusive of tsunamis gen-
erated during the volcanic events of Krakatau, Indonesia (Fritz (2002)) and
Shimabara, Japan (Ogawa (1924)).
• The landslide dynamics and generated tsunami wave characteristics from field
cases are sparse and quite limited (Kamphuis and Bowering (1970)).
• The slide data from field cases is mostly limited to the landslide scarp and
deposits. The mapped submarine deposits are usually devoid of information on
thickness, volume and matrix composition of the slide material (Hampton et al.
(1996)).
• Information on wave data for field cases are limited to far field tide gauges,
eyewitnesses and trimlines due to wave runup. The wave runup and far field
wave data may be used to back calculate and estimate the near field wave
characteristics.
• Tsunamigenic landslides are primarily triggered by seismic activity (e.g Lituya
Bay case, Miller (1960)). The other possible triggers are, precipitation, changes
in water levels close to slopes (e.g Vaiont case, Müller (1964)), failure of natu-
ral dams (Schuster and Wieczorek (2002)), volcanic eruptions (e.g Shimabara,
Japan, Ogawa (1924), Mount St. Helens, USA, Voight et al. (1983)) or erosion.
• The landslide volumes may exceed the volume of confined water bodies such as
lakes and reservoirs (e.g Vaiont case (Italy), Müller (1964); Spirit Lake (USA),
Voight et al. (1981)).
• Hill slope angle, α, between 0◦−90◦ are possible (Slingerland and Voight (1979)).
• The slide volume in general increases with decreasing slope angle α or increasing
submergence of the initial position.
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• The slide grain density varies from ρg ≈ 850 kg/m3 for ice to ρg ≈ 2700 kg/m3
for granite gneiss. The bulk slide density depends on the porosity of the slide
material and the slide matrix composition.
• The mean bulk porosity n of the slides varies typically between 0.3 and 0.4
(Fritz (2002)).
• Landslides may propagate with slow speeds (e.g Pontesei case; Caratto et al.
(2002)) or very fast speeds (e.g vs = 92 m/s in the Lituya Bay case, Fritz
(2002)). Landslides with velocities up to 150 m/s resulting in slide Froude
number F = v/
√
gh up to 5 are possible (Fritz (2002)).
• Landslides volumes Vs up to 5000 km3 were estimated for slides with submarine
runouts (Normark et al. (1993)). In case of events where the landslide volume is
below 10,000 m3, the generated tsunami rarely poses a threat. Tsunami waves
generated by slides with volumes up to 100,000 m3 pose a threat mostly in
limited areas and small water bodies.
• The largest wave runup of 524 m in recorded history was observed to have been
caused by a landslide with velocities up to 100 m/s and slide Froude number F
up to 3 (Fritz et al. (2001)).
• The available field data and back calculations from wave runup provides evi-
dence for the strong non-linearity of the generated tsunami waves.
• The largest wave and runup heights usually occur in the direction of the slide
motion if there is an opposing coastline (e.g Lituya Bay case; Miller (1960), Fritz
et al. (2001)). However, depending on the topography, the largest wave runup
may occur laterally to the landslide direction (e.g Tafjord, Norway; Jφrstad
(1968)). In case of continental coastlines with offshore landslide motion, the
lateral tsunami runup on the coastline becomes important.
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Falls Rock fall Debris fall Earth fall
Topples Rock topple Debris topple Earth topple
Slides
rotational Rock slump Debris slump Earth slump
translational
Rock block slide Debris block slide Earth block slide
Rock slide Debris slide Earth slide
Lateral spreads Rock spread Debris spread Earth spread
Flows Rock flow Debris flow Earth flow
Complex Combination of two or more types of movement
• The first wave may not necessarily be the highest wave.
• Improved prediction of the landslides and the landslide generated tsunamis are
needed for hazard mitigation.
2.4 Landslides
The term landslide is generally used to describe the movement of a mass of rock,
debris or earth down a slope (Cruden (1991)). In the English literature, the most
widely used classification of landslides is given by Varnes (1978). The landslide can be
classified and described by two nouns, the first noun describes the landslide material
and the second noun describes the type of movement. The landslide material is
divided into two classes: rock and engineering soils; soils are further divided into
debris and earth. The types of movement are divided into five groups: falls, topples,
slides, spreads and flows. The classification of slope movement by Varnes (1978) is
shown in Table 2. Further graphic illustrations and discussion on the combinations of
the slide material and types of movements can be found in Varnes (1978) and Cruden
and Varnes (1996).
There is a complete gradation from debris slides to debris flows depending on the
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water content, mobility and the character of the movement. Radbruch-Hall (1978)
proposed the terms to describe the water content of landslide materials made by
simple observations of the displaced material. Varnes (1978) presented the modified
terms of Radbruch-Hall (1978) as follows:
• Dry: no visible moisture.
• Moist: contains some water but no free water; the material may behave as a
plastic solid but does not flow.
• Wet: contains enough water to behave in parts as a liquid, has water flowing
from it or supports significant bodies of standing water.
• Very wet: contains enough water to flow as a liquid under low gradients.
As the slide movement becomes more rapid, the transition from debris slide to debris
avalanche becomes important regarding the generation of tsunamis. The term debris
avalanche is used in general to describe very rapid and extremely rapid debris flows
of dry or largely unsaturated granulates (Cruden and Varnes (1996)).
Two limiting cases of landslide avalanche are termed flow avalanche and pow-
der avalanche (Hutter (1996)) depending on the role of the interstitial fluid. Flow-
avalanche is a dense gravity driven laminar flow where the solid particles dominate
the flow dynamics and the behavior of the interstitial fluid is negligible. The typi-
cal flow of this nature are sturzstorms, debris flows, rockfalls and snow avalanches.
Powder avalanche is the turbulent flow of air borne particles in which the fluid phase
dominates the flow dynamics and the particle flow dynamics are of less significance.
Density and turbidity currents such as dust clouds in deserts, in pyroclastic volcanic
eruptions, in submarine slides and in snow and ice avalanches are the typical flows
belonging to powder avalanche. In this section, the development of the granular land-
slide physics, their governing dynamical equations and the numerical solutions to the
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dynamic problem are reviewed. In the end, comparative studies between experimen-
tal data and numerical solutions are summarized. The focus is on the dynamics of
granular landslides without delving into the source or cause of the landslides.
2.4.1 Landslide Dynamics
Heim (1932) as quoted by Hsü (1975), found that the slope of the energy line for
landslides is approximately the same as the coefficient of friction for sliding masses.
This friction coefficient was referred as the equivalent coefficient of friction by Shreve
(1968). The equivalent coefficient of friction was found to depend on the size of a
landslide unlike the coefficient of friction which is a material constant. A log-log
plot of the equivalent coefficient of friction as a function of the landslide volume is
shown in Fig. 5 (Fritz (2002)). The plot includes subaerial dry-rock avalanches of non
volcanic origin (Scheidegger (1973)), submarine landslides (Hampton et al. (1996))
and Martian landslides (McEven (1989)). All of the above cases indicate a decay in
the equivalent friction of coefficient with increasing landslide volume. The correlation
for subaerial landslides between the coefficient of friction f and the landslide volume
Vs in m
3 is given as (Fritz (2002))
log f = 0.15666 log Vs + 0.62419 (1)
with a correlation coefficient of 0.82. The relation in Eq. 1 also depends on the type
of landslide material. For example, quick clays have friction coefficients at the lower
end of friction coefficients observed for submarine landslides (Edgers and Karlsrud
(1982)). The impact velocity of a landslide may be predicted using the equivalent
coefficient of friction computed from Eq. 1 if the landslide volume is known a priori.
The slide velocity vs from the Newtonian laws of motion is
vs =
√
2g∆z (1− f cotα) (2)
where g is the acceleration due to gravity, α is the hill slope and ∆z is the drop
height of the landslide. Landslide velocities up to 150 m/s have been observed in
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recorded history (Körner (1976)). The submarine landslides reached volumes more
than two orders of magnitude larger than the largest known subaerial landslides.
Hence, submarine landslides can originate on surfaces with small slopes and can travel
long distances due to lower equivalent of friction compared to subaerial landslides.
The scatter of submarine landslide cases in Fig. 5 demonstrates the limitation of the
simple linear slide dynamic model. The presence of drag force from the surrounding
fluids on the front and on the top of the moving slide makes it an important feature
for submarine landslides.
Figure 5: Equivalent coefficient of friction f vs landslide volume Vs for subaerial
landslides (Scheidegger (1973)), submarine landslides (Hampton et al. (1996)) and
Martian landslides (McEven (1989)), compiled by Fritz (2002).
In nature, landslides have been observed to behave in a near fluid-like manner and
are found to deposit in a very long and thin layer. The front of the slide moves a
surprisingly longer distance when compared with the tail of the slide and the runout
distance usually depends on the slide volume (Scheidegger (1975) and Davies (1982)).
Several hypotheses have been proposed to explain the fluidization process that causes
such high mobility of granular landslides. Some of the hypotheses includes an up-
ward flow of air (Kent (1966)), a hovercraft action (Shreve (1966), Shreve (1968), Hsü
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(1975)),generation of high pressure steam (Habib (1975), Goguel (1978)), lubrication
by molten rock (Erismann (1986)), mechanical fluidization (Davies (1982)), devel-
opment of a thin rapidly shearing layer of vigorously fluctuating particles beneath a
densely packed overburden or acoustic fluidization. (Kent (1966) and Melosh (1986)).
2.4.2 Granular landslide experiments
Experimental studies on granular avalanches range from the initial one-dimensional
study of mass flow down rough, inclined surfaces to the unconfined three-dimensional




Figure 6: Experimental setup for one-dimensional granular mass flow: (a) Exper-
imental setup by Huber (1980) (Hutter (1991)); (b) Experimental setup by Pluss
(1987); (c) Experimental setup by Koch (1989) and (d) Experimental setup by Greve
and Hutter (1993). (from Hutter (1991)
These studies were later extended to include lateral granular spreading and fully
three-dimensional granular landslides as shown in Figs. 7(a) and 7(b). The exper-
imental studies were also conducted to study confined flows in inclined rectangular
channels with flat and complex topographies as shown in Fig. 7(c). Recently, more
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complex scenarios involving granular mass flows in channels with twisting thalwegs
have been physically modeled as shown in Fig. 7(d).
(a) (b)
(c) (d)
Figure 7: Granular flows on inclined surfaces: (a) Experimental setup by Koch et al.
(1994), (b) by Gray et al. (1999), (c) Iverson et al. (2004) and Pudasani et al. (2008)
2.4.3 Granular landslide models
The flow of granular materials can be applied to study geophysical flows such as
landslides, rock, ice and snow avalanches and pyroclastic flows (Hutter and Rajagopal
(1994)). Kinetic theory and molecular dynamics models were developed to describe
the rheology of granular materials (Jenkins and Savage (1983), Haff (1983), Lun et al.
(1986), Jenkins and Richman (1985), Campbell and Brennen (1985), Campbell and
Gong (1986),Walton and Braun (1986)). For example, in the Jenkins-Savage model
(Jenkins and Savage (1983)) the granular material is assumed to be composed of
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identical spheres of constant diameter which under collisions may transmit linear
momentum but not angular momentum. The collision of the particles is assumed to
be inelastic. Ahmadi and Shahinpoor (1983) extended the dilute gas model where the
assumption is that as particles collide, a fraction of the particles after the collisions
behave according to the Maxwell-Boltzmann distribution. This fraction is adjustable
in the model. The model implicitly assumes that the interstitial space between the
granular material is filled with gas and thus a drag due to flow of a fluid past a solid is
introduced as a mechanism for the interaction of the interstitial gas with the granular
particles. The model of Massoudi and Boyle (1991) adapts the Enskog dense gas
theory, which allows for gradients in the volume fraction and predicts normal stress
differences in simple shear flows of the granular materials. Oppenheim and McBride
(1990) and Oppenheim (1991) used methods of statistical mechanics to model the
granular dynamics. The model assumes that spherical particles are inelastic and
have many degrees of freedom which are essentially at equilibrium close to zero Kelvin
except for very short times. The model employs techniques of statistical mechanics
to formulate the Hamiltonian for the system from which the equations of motion
are obtained by using a projection operator technique (VanKampen and Oppenheim
(1986)). However, the requirement that the particles are essentially in equilibrium
close to zero degrees Kelvin is a very stringent assumption which might make the
theory inapplicable to granular materials (Hutter and Rajagopal (1994)).
Other models describing granular landslides assume them as single mass points
sliding along a prescribed geometry of a mountain side (Perl et al. (1980)) or hydraulic-
type models (Voellmy (1955), Salm (1966)). In these models, the point masses are
exposed to resistive forces that can be represented by the sum of two contributions,
a dry Coulomb type and a turbulent friction type. These contributions involve a
phenomenological parameter that can be adjusted according to the terrain and land-
slide considered. However, these assumptions limit the calculation of the temporal
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evolution of the geometry of the moving landslide. Continuum models describe land-
slides as linear Newtonian fluids (Brugnot (1979), Dent and Lang (1980)) leading to
Navier-Stokes equations and thus describe the slide motion.
The models based on kinetic theories and molecular dynamics were found to be
difficult to solve in temporally developing gravity driven flows. A simpler hydraulic
model for granular avalanche and landslide dynamics was developed by Savage and
Hutter (1989) and Savage and Hutter (1991) analogous to fluid flow models. Field
observations and experimental studies have shown that the granular landslides be-
have in a near fluid-like manner and are found to deposit in a very long and thin
layer. This general behavior of granular avalanches coupled with certain simplified
assumptions makes it possible to model granular mass flows similarly to fluid flows.
The assumptions that make this model possible and true to the granular physics are
incompressibility or density preserving, shallow avalanche piles and topography cur-
vature, uniform velocity profile across the avalanche depth, Coulomb-type sliding on
the bed and Mohr-Coulomb frictional behavior in the interior of the granular mass.
Field observations and experimental study have shown minimal density changes
in granular avalanches and were observed to move as a thin, long and wide mass with
small aspect ratios. It was also suggested by Melosh (1986) that the sliding occurs
on a thin basal layer with high shear rates and where nearly all shearing takes place.
Hence, the depth changes due to dilation are small and the mass flow behaves like
a Boussinesq medium without any buoyancy forces. The thin basal layer also shows
that the depth-averaged streamwise velocity is close to the actual velocity everywhere
across the depth except in the basal layer. The rheology of the granular material is
described by treating it as an incompressible Coulomb continuum. A basal friction
law is imposed to allow for sliding on the incline bed. This is a dry Coulomb-like
friction law that relates the shear traction to the normal pressure at the base and
involves the friction angle between the gravel and the rough bed.
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These assumptions lead to a dynamical fluid flow-like model which is derived
from the conservation laws of mass and momentum. In general, the model consists
of nonlinear partial differential equations for the landslide thickness and two depth
averaged velocity components. The last two equations for the depth averaged veloc-
ities can either be expressed in terms of the streamwise and the transverse velocity
components or in terms of the two topography parallel velocity components. In any
case, these depth-averaged velocity components define the landslide propagation and
deformation along the slide slope topography.
The model has been developed for flows in straight and curved chutes by Hutter
and Nohguchi (1990), Hutter and Koch (1991), Greve and Hutter (1993), Hutter and
Greve (1993), Hutter et al. (1993) and Hutter et al. (1995) and in rectangular channels
by Iverson et al. (2004). In case of granular slide flows on plane and parabolic cross-
sections and simply curved thalwegs by Voellmy (1955), Greve et al. (1994), Koch
et al. (1994), Hutter (1996), Gray et al. (1999), Tai (2000), Tai et al. (2001), Tai et al.
(2002), Koschdon and Schäfer (2003). The model has also been extended to flows in
corries having arbitrarily curved and twisted thalwegs and arbitrary topographies by
Pudasani and Hutter (2003), Pudasani et al. (2003a) and Pudasani et al. (2003b). The
avalanche model of Savage and Hutter was extended by Iverson (1997) and Denlinger
and Iverson (2001) to include the effects of pore fluid and model debris flow problems.
The early numerical solutions of the granular avalanche model were solved using
a Lagrangian finite-difference schemes with central difference approximation and leap
frog method in time by Savage and Hutter (1989), Savage and Hutter (1991), Hutter
and Koch (1991), Greve and Hutter (1993), Hutter and Greve (1993), Greve et al.
(1994), Koch et al. (1994), Hutter et al. (1995), Gray et al. (1999) and Wieland
et al. (1999). The Lagrangian scheme required the addition of an explicit numerical
diffusion when the gradients of the avalanche thickness and the velocities were large.
These methods were also unable to capture the shocks and may have smoothed out
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the shocks due to the nature of the finite difference based schemes. A two-dimensional
Eulerian shock capturing scheme and a one-dimensional front tracking method was
developed and employed by Tai (2000) and Tai et al. (2002). Wang et al. (2004) used a
high resolution non-oscillatory (NOC) scheme and made a comparison for various cell
reconstruction techniques. These techniques were four different second order total
variation diminishing (TVD) limiters and a third order essentially non-oscillatory
(ENO) cell reconstruction scheme. Of the numerical methods above, the NOC scheme
with the minmod TVD limiter showed best performance for granular flows down
curved chutes merging into a horizontal plane (Wang et al. (2004) and Hutter et al.
(2005)). Apart from these numerical models, Denlinger and Iverson (2004), Iverson
et al. (2004) and Pudasani et al. (2008) used shock capturing techniques to solve
the extended model equations on a regular Cartesian grid. Pitman et al. (2003)
computed flow along a two-dimensional surface using a parallel, adaptive grid, shock
capturing method to solve the avalanche model. The model was solved on a cartesian
grid which was developed from digital elevation topographic data using a parallel
finite volume Godunov solver. A Lagrangian-Eulerian, finite-volume method with
unstructured boundary fitted, moving, adaptive grid following the free boundary was
developed by Koschdon and Schäfer (2003). While the flow solver in this case consists
of a Godunov-type solver, Vollmöller (2004) used a wave propagation method on an
unstructured finite volume grid.
The initial comparisons between numerical solutions of the Savage-Hutter granular
avalanche model and experimental data were made by Savage and Hutter (1989). The
experimental data were taken from the laboratory experiments of Huber (1980) on
impulse wave generation by granular landslides. The measurements made relating to
the granular mass motion released from rest were compared with the motion of the
slide front, tail and maximum thickness from the numerical solution. The slide motion
in both the cases is shown in Fig. 8. The gravel mass was found to spread quickly
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and approaches a long and thin layer with depth of one or two particles within one
second. Figure 8 inset shows the comparison of the dimensionless velocity of the slide
front, middle and tail between the experiments of Huber (1980) and the numerical
solution of Savage and Hutter (1989).
(a) (b)
Figure 8: Granular slide motion comparison between experiment and numerical
model: (a) slide motion from rest on an inclined surface(Huber (1980)) and (b) nu-
merical slide motion by Savage and Hutter (1989)
Comparative studies between physical models and numerical simulations of the
Savage-Hutter avalanche model can be found in Hutter and Koch (1991), Savage and
Hutter (1991), Greve and Hutter (1993), Koch et al. (1994), Hutter et al. (1995),
Hutter (1996), Gray et al. (1999), Tai et al. (1999), Tai (2000), Tai et al. (2002),
Wieland et al. (1999), Tai (2000), Denlinger and Iverson (2001), Iverson et al. (2004),
McDougall and Hungr (2004) and Pudasani et al. (2008). The scenarios include
one-dimensional flow on rough straight and curved inclines, fully three-dimensional
unconfined lateral spreading flow along straight and curved inclines, confined flows
in rectangular channels with straight surface and complex topographies, confined
flows in twisted and curved channels and straight and deflected runout flows. The
observations made from the experimental and numerical studies can be summarized
as follows.
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• The numerical models confirm well with the experimental model when the fric-
tion angle, δ is smaller than the internal friction angle φ.
• The model does not resolve small granular piles because of the extensively
bouncing particles in the pile.
• The comparison fails in some cases due to numerical instability or coarse division
of the granular mass into cells.
• The comparison fails in terms of the slide tail motion probably due to the
simplicity of the Coulomb friction law, which in reality can be quite complex.
• Since the friction angle can change from a static to a dynamic state in real
flows, a constant friction factor angle can under predict dilation. This can be
resolved by having different friction angles for the slide tail and the rest of the
slide body.
• Complex topographies can confine and channelize granular flows.
• In three-dimensional slide flows, strong Coulomb shear stresses develop normal
to the basal surface. These stresses result in strong energy dissipation in case
of obstructions. Thus the numerical models should include multi-dimensional
momentum transport and Coulomb friction to account for these stresses and
energy dissipation.
In the experiment, the rounded gravel constituting the landslide mass was released
from rest which results in an instant collapse of the slide mass. This leads to a large
spread of the granular mass and while the first grain is at the bottom of the incline,
the last grain is still at the initial rest position. However, in nature most landslides
usually originate as a sliding block which then transitions from block slide to a debris
avalanche (Varnes (1978)).
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2.5 Physical Modeling of landslide generated tsunamis
Landslide generated tsunamis are physically modeled to study the tsunami wave
characteristics and identify the dependence of the generated wave on the landslide
parameters. The experiments involve assumptions from scaling laws and dimensional
analysis. Physical models with perfect similitude requires geometric, kinematic and
dynamic similarity (Hughes (1993)). Geometric similarity requires the ratios of the
length scales between model and prototype to be equal to one. Similarly, the kine-
matic similarity implies similar motion between the model and the prototype and
the ratios for all the dynamical forces must be identical to satisfy dynamic simi-
larity. In the case of tsunamis generated by landslides, the relevant forces are the
inertial, gravitational, viscous, surface tension and elastic compression forces. Unless
the model has the same scale as the prototype, no fluid may satisfy all of the force
ratio requirements. Hence an important task before model experiments is to identify
the important force ratio and to provide justification for neglecting the rest (Hudson
et al. (1979)). In the case of free surface flows, the most relevant force ratio is the
Froude number, which is the ratio of the inertial and gravity forces. If the flow is gov-
erned by Froude similitude, then the Reynolds criterion including viscous forces, the
Weber criterion including surface tension forces and the Cauchy criterion as the ratio
of inertial to elastic forces can be neglected. Most of the experiments are performed
at constant water depths thereby neglecting bathymetry effects. The physical model-
ing of landslide generated tsunamis or impulse waves are broadly classified based on
the method used to describe or simulate the landslides and the dimensionality of the
model (2D or 3D). They are solid block type landslide models, piston type landslide
models and granular slide type landslide models. While block and granular models
are gravity driven, piston models are forced motion.
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2.5.1 Block Slide Models
2.5.1.1 2D block models
Landslides may be modeled as a solid block impacting the water surface vertically
when dropped or moving on an incline. The simplest and the earliest experiments
to study impulse waves were performed by holding a solid block above the surface of
water and letting it free fall into a water channel at one end. This classic plunger
configuration was used by Russell (1837) and Russell (1844) to study the solitary
wave as shown in Fig. 9(a). Since then focus has been on the far field rather than
the wave generation. Russell found that the volume of displaced water is equal to the
volume of water in the wave when the box is released above the water surface and




where h is the water depth and a is the thickness of the box. Monaghan and Kos
(2000) extensively studied Russell’s configuration to understand the wave generation
process. The 2D experiments were performed in a 0.4 m wide wave tank. The
visualization from the experiments showed that the jet from below the falling box
forced the water in the tank to form a reverse plunging wave and the forward solitary
wave. The vortex formation as observed by Monaghan is shown in Fig. 9(b). The
vortex generation, shape and downstream propagation are similar to the PIV velocity
vector fields from an infinitesimal segment of a vortex ring formed by an impulsively
started jet. (Gharib et al. (1998) and Shusser and Gharib (2000)). The 2D experiment
was extended to study impulse wave runup and return by Monaghan and Kos (1999)
by including a mildly sloping beach on the other end of the wave tank. Using simple
scaling arguments, Monaghan and Kos (2000) determined the leading wave crest










with the mass of the box ms, water depth h, the drop height being equal to the water
depth, water density ρw, box thickness s and box width b.
(a) (b)
Figure 9: (a) Russell’s solitary wave generator (Russell (1844)) and (b) near field
recordings by Monaghan and Kos (2000)
The studies undertaken by Noda (1970) and Wiegel (1955) established the wave
profiles for initially, fully submerged rigid bodies falling vertically and sliding down
ramps in tanks. The wave profiles are shown in Fig. 10(b). Wiegel (1955) found
from the experiments that the generated wave amplitudes increased with increased
density of the falling blocks. The generated waves were found to be dispersive in
nature and the energy conversion rates between the underwater landslides and the
waves were estimated to be 1% − 2%. The rest of the underwater landslide energy
was dissipated by friction and turbulence. Noda (1970) performed theoretical and
experimental studies where the landslides are modeled as a vertical box-drop. Based
on the experimental results the generated waves were classified based on the slide
Froude number, F = vs/
√
gh and the relative slide box thickness. Four main wave
types were noticed: oscillatory wave, nonlinear transition wave, solitary wave and
bore. These wave classifications are also given in Wiegel et al. (1970). The wave type
classification is shown in Fig. 10(a).
The experimental results were compared with the mathematical models of Kranzer
and Keller (1959) and Kajiura (1963). The wave height decay for the oscillatory
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(a) (b)
Figure 10: (a) Wave classification type based on slide Froude number F and relative
slide thickness S; (b) observed wave types by Noda (1970).
waves followed H(x)/h ∝ x−1/5 as shown in Fig. 11 for different falling heights
of the block, while the theoretical solution of Kranzer and Keller (1959) resulted
in H(x)/h ∝ x−1/3. The Russell wave generator was also applied by Bukreev and
Guseev (1996) in still water depths of 0.04 m to 0.08 m and by Panizzo et al. (2002)
as a pre-study for 3D model tests. However, the small water depths may result in
laboratory scale effects due to viscous wave damping.
Fritz (2002) conducted preliminary experiments with vertically falling solid blocks
and a weighted wedge on an incline. The wedge was placed on rollers to reduce friction
and allow motion on a hill slope with angle α = 10o. The wave generation process
for a vertically falling solid block and the sliding wedge on an incline differ due to the
difference in the slide motion and dynamics. When compared to a falling block, no
water jet is driven from beneath the sliding wedge, which leads to an absence of the
backward plunging vortex in front of the block.
Law and Brebner (1968) conducted experiments in a 0.61 m wide channel, where
boxes of different lengths, heights and weights were slid down a 6.1 m roller with ball-
bearings on a slope at an angle of 18o - 25o. The wave height attenuation with distance
follows the relationship H ∝ x−0.5. A more useful parametric correlation study was
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Figure 11: Comparison of wave height decay from experiments and theory of
Kranzer and Keller (1959) (Wiegel et al. (1970))
undertaken by Kamphuis and Bowering (1970) according to Brebner in Slingerland
and Voight (1979). Kamphuis and Bowering (1970) provided more details of the
impulse wave generation by subaerial landslides by conducting experiments similar
to Law and Brebner (1968). A weighted tray on a roller ramp was slid down a hill
slope with inclination angle α = 20o−60o into a flume 45 m long and 1 m wide in the
study of Kamphuis and Bowering (1970). The two-dimensional wave generation was
studied at still water depths of 0.23 m and 0.46 m. The hill slope angle α was varied
from 20o − 90o. The resulting wave heights decayed with increasing slope angles but
the effect was minor between 20o and 60o. It was found that the far-field, stable wave












and the far field wave height at x = 37h was found to be
H(x = 37h)
h
= F 0.7 (0.31 + 0.20 log q) (6)
where s is the slide thickness and ls is the slide length. This relation was found to be
constant for thick slides with s/h > 0.5. For thin slides with s/h < 0.5, a decrease in
the relative slide thickness resulted in smaller wave heights. The dependency of the
relative wave height on the slide Froude number F and the relative slide thickness S










The wave period was found to increase linearly with x/h and seemed independent of
other variables. Though wave height and velocity appeared to reach a stable value,
wave period and length did not. Kamphuis and Bowering (1970) related the speed
of the highest wave in a wave train with the solitary wave celerity given by Eqn.
3. Energy conversion from landslide kinetic energy to water wave varied between
10%− 50%.
(a) (b)
Figure 12: Dependency of the relative wave height on the slide Froude number F
and the relative slide thickness S, from Kamphuis and Bowering (1970)
Watts (1997), Watts (1998) and Watts (2000) conducted experiments where un-
derwater landslides are modeled as a right triangle initially at rest on an incline with
30
slope 45o with the horizontal in a wave tank 0.1 m wide, 9.14 m long and 0.66 m high.
The characteristics of the generated wave directly correlated to the block geometry
and motion. The vertical motion of the block draws down the water surface which
then rebounds, while the horizontal motion of the front face of the block generates a
leading crest that is followed by a large trough. This gives the wave maker physics




was identified as the non-dimensional wave maker time. The time scale of the wave
generation process depends on the time of the slide water interaction tsd and the
horizontal projection of the slide length ls. The Hammack number relates the time
scale of wave generation to the duration of the linear long wave propagation out
of the generation region (Hammack (1973)). Hammack (1973) used a bottom wave
generator with vertical piston motion in a wave flume 31.6 m long, 0.61 m deep
and 0.4 m wide to generate tsunamis by bed deformation and define the Hammack
number. Watts (2000) used the Ursell number to classify water waves propagating in
constant depth. Most underwater solid block experiments converted between 3%−7%
of the maximum block kinetic energy into a characteristic wave energy. The energy
conversion increased with decreasing initial submergence.
Walder et al. (2003) studied impulsive waves generated in a smoothly curving
flume by solid blocks. The focus was on the near field and the wave properties were
recorded with a camera. The block density was ρs = 2900 kg/m
3 in water depths
of h = 0.051, 0.09, 0.13 m and the slide impact angles varied from 11.2o − 19.5o. A
scaling analysis of the Euler equations resulted in the following governing dimension-
less quantities: (1) vertical slide Froude number F sinα, (2) relative slide volume
V = Vs/bh
2 and (3) relative time of underwater landslide motion Ts = ts(g/h)
1/2,
analogous to underwater landslide generated impulse waves (Watts (2000)). The
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, amax/h < 0.85 (9)
The influence of the vertical slide Froude number was found to be negligibly small
and the time ts was found to depend only on the relative slide length ls/h and was
shown to be Ts = 4.8 (ls/h)
0.4.
Ataie-Ashtiani and Najafi-Jilani (2008), Ataie-Ashtiani and Nik-Khah (2008) and
Najafi-Jilani and ATaie-Ashtiani (2008) conducted two-dimensional experiments in
a 2.5 m wide, 1.8 m deep and 25 m long wave tank where the width of the flume
is larger than the width of the slide and the width of the sliding slope. The slide
slope was inclined at angles ranging from 15o − 60o. Solid steel blocks with different
dimensions and shapes and granular materials were used to model the landslide.
Energy conversion rates ranged from 5%− 50% depending on the landslide that was
used to generate the waves with the rigid landslides having the maximum rate and the
unconfined deformable slide having the least conversion rate. The wave generation















where V is the dimensionless slide volume (Vs/wh
2), F is slide Froude number
(vs/
√
gh), Ts is the dimensionless underwater travel time (ts
√
g/h), ls is the slide
length, w is the slide width, r is the distance away from the source and h is the water
depth. Hence the main parameters that were used to define the wave generation are
the slide volume, the slide Froude number and the underwater slide travel time.
2.5.1.2 3D block models
In the 3D block models, the generated tsunami waves are functions of the relative
radial distance r/h and the angular direction away from the landslide direction θ as
shown in Fig. 3(b). In contrast, the 2D experiments result in the wave dependence
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only on the relative stream wise distance. Johnson and Bermel (1949) conducted
experiments where metal discs impacted the water surface of a reservoir in an axially
symmetric water basin to study waves generated by nuclear explosions. The wave
amplitude decay was found to be a(r)/h = 2.5 (h/r) and a(r)/h = 3.63 (h/r) for
the two tests presented by Slingerland and Voight (1979). The amplitude decay was
found to be proportional to r−1.
Experimental studies on 3D impulse wave generation by solid blocks were carried
out by Panizzo et al. (2005). The experiments were conducted in a 12 m long, 6 m
wide and 0.8 m deep wave basin. Assuming symmetry, the solid blocks were released
from one end of the wave basin. The landslides were modeled as symmetric solid
blocks with zero porosity and a slide density ρs = 2200 kg/m
3 sliding on rectangular
trolleys on a ramp. The still water depths were 0.4 m and 0.8 m and the hill slope
angles were α = 16o, 26o, 36o. The setup is shown in Fig. 13(a). The generated waves
were classified based on a wavelet analysis of the generated analysis shown in Panizzo
et al. (2002). The wavelet analysis reported that the great part of the generated water
waves demonstrated energy propagation according to the linear wave theory. Similar
to Walder et al. (2003), the relative time of underwater landslide motion was found




















with Hmax the maximum wave height, water depth h, the non-dimensional slide du-




, the non-dimensional slide front surface A∗w = wh/d
2, slope
inclination angle α, angular direction away from the slide propagation direction θ and
the r is the distance away from the slide impact position at the water surface. The
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non-dimensional maximum wave height was found to increase with increasing land-
slide front surface and impact velocity and decreases with increasing non-dimensional
distance away from the source. Further predictive equations for the maximum time
period and the surface elevation of the generated wave are given in Panizzo et al.
(2005).
(a) (b)
Figure 13: (a) 3D Experimental setup by Panizzo et al. (2005); (b) measured wave
height as a function of relative time of slide motion and slide front surface area
(Panizzo et al. (2005).
Panizzo et al. (2005) compared the data from his 3D experiments with the 2D
data from Fritz et al. (2004) and the 3D data from Huber and Hager (1997) as shown
in Fig. 14. Since the time of the underwater landslide motion was not measured in
the studies of Huber and Hager (1997), Panizzo et al. (2005) estimated ts based on
the empirical relationship obtained in his experiments. The 2D experiments overesti-
mated the relative amplitude by a factor of 5 to 10 as compared with their own data.
This may be due to the difference in parameter definitions describing the wave gen-
eration mechanism between solid block slide and deformable granular slides. In case
of granular slides, the bulk of the wave generation occurs during the initial stages of
the impact and the primary wave is usually fully developed before the granular slide
comes to rest (Fritz (2002), Heller (2008)). Hence the time of granular slide motion
does not correspond directly to the time when the solid block comes to rest. Also,
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the time of slide motion tsd for a granular slide is not an independent parameter and
inherently depends on the slide velocity, slide shape and the slope of the incline. In
the experiments by Panizzo et al. (2005), the solid block is suddenly decelerated at
the bottom of the incline by a system of a spring which results in the removal of the
block kinetic energy from the system. Hence this results in a difference in the energy
conversion rates between the slide and water body. This can be remedied by means
of sliding the block on guide rails or on an incline which gently transforms into the
horizontal basin bottom and reaching the rest position under the effect of gravity and
surrounding fluid. While the 3D formula of Huber and Hager (1997) overestimated
the relative maximum wave height by a factor of 2 to 3 as compared with the data
of Panizzo et al. (2005). The discrepancies in the wave height can also be due to the
fact that tsd for the granular experiments of Fritz (2002) and Huber and Hager (1997)
were computed with the results obtained from the solid block experiments of Panizzo
et al. (2005).
(a) (b)
Figure 14: (a) Comparison of relative maximum wave amplitude aM/h of the ex-
perimental data versus Eq. 18 from Fritz et al. (2004) and (b) comparison of relative
maximum wave height HM/h of experimental data of Panizzo et al. (2005) with Eq.
16 (Panizzo et al. (2005)).
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The solid block was replaced by a smooth streamlined rigid body with an approx-
imated Gaussian cross section (Enet and Grilli (2005), Enet and Grilli (2007) and
Grilli and Watts (2005)) and semi-elliptic rigid bodies (Risio et al. (2009a)) that was
released on a slope to impact the water body and generate the tsunami waves. Enet
and Grilli (2007) and Grilli and Watts (2005) choose the particular geometry for the
slope and the landslide model to perform comparisons with the numerical simulations
from the fully non-linear potential flow model of Grilli et al. (2002). Enet and Grilli
(2007) performed experiments in a 3.7 m wide 1.8 m deep and 30 m long wave tank
on a slope of 15o to study 3D impulse waves generated by submarine landslides. The
analysis of the video recordings of the shoreline during the impact showed that the
subaerial landslide generated waves with higher lateral runups when compared with
submarine landslide cases. Risio et al. (2009a) conducted experiments in a wave tank
10.80m × 5.50m × 0.80m with hill slope angle of 18.43o. The near field analysis in
this case demonstrated that partially submerged landslides resulted in a V-shaped
shoreline while subaerial landslides resulted in a deep U-shaped shoreline as a result
of a stronger water body displacement.
2.5.2 Piston Slide Models
In some cases, the landslide motion may be approximated by a vertical wall mov-
ing horizontally in the water body. This applies in particular to cases where the
landslide thickness is comparable to or exceeds the water depth and the distance of
landslide motion remains short relative to the thickness. Example of such an event
is the Vajont dam case (Müller (1964)). The landslide was modeled as a piston type
wave maker by Miller (1970) in an experimental study on coastal landslides and as
a vertical piston type wave maker by Hammack (1973) to study tsunami generation.
The main disadvantage here is the assumption of the forced piston motion and the
fixed boundary condition at the piston surface. The piston type of wave maker has
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been used to study plane wave maker theory and relation between relative depth and
wave height to stroke ratio by Synolakis (1991), Madsen (1971), Hughes (1993) and
Dean and Dalrymple (1991). While Galvin (1964) reasoned that the water displaced
by the piston should be equal to the volume of the crest of the propagating wave, the
study of Ursell et al. (1960) is only applicable when the plate motions remain small.
Noda (1970) obtained a theoretical solution for the problem of a wall moving
horizontally into a body of water. The problem was linearized by assuming that the
wall displacement was much smaller than the water depth. It was found that the








for a displacement at constant horizontal velocity vs. The linear solutions compared
to the nonlinear experimental data of Miller and White (1966) in Fig. 15. The linear
solution gives conservative assumptions. Experiments by Das and Wiegel (1972)
showed that the regions of wave characteristics described by Noda (1970) for the
box drop problem approximately describe the general characteristics of the waves
generated by a horizontally translating wall in a water flume.
Noda (1971) used Fourier analysis of the transient wave systems for approxima-
tions of the wave systems downstream of the probe. But the transient wave systems
did not behave as if it were a series of steady sinusoidal waves and the discrepan-
cies became larger with distance from the probe and increasing wave frequency. The
method of characteristics was used to compute numerical solutions for water waves
generated by close landslides modeled with a vertical wall moving horizontally into
a reservoir by Gozali and Hunt (1989). The nonlinear, non dispersive long waves
approximation was applied.
Sander (1990) investigated unidirectional shallow water waves generated by a mov-
ing boundary. This can be produced by a partially submerged landslide penetrating
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Figure 15: Comparison of the theoretical solution of Noda (1970) with the exper-
imental data of Miller and White (1966) for a vertical wall penetrated by a forced
piston motion horizontally into a water body.
slowly, relative to wave propagation velocity, into a water body.
A classical piston type of wave maker with forced motion as shown in Fig. 16(a)
was used to produce waves within the range: Froude number F = vs/
√
gh from 0.01
to 0.4, amplitude to water depth ratios from a/h = 0.01 to 0.4 and water depth from
h = 0.05 to 0.15m. Most of the generated waves were weakly nonlinear. The type
of the boundary motion might be similar to the Vajont landslide (Müller (1964)) but
relatively slower. At Vajont, rough Froude number estimates ranged from F = 0.6
to 1. The experiments showed that for a wedge type piston wave generator both
wave height and length are related to piston or slide Froude number. Small Froude
numbers produced smaller wave crests but deeper troughs whereas higher Froude
numbers resulted in larger wave crests and smaller troughs. A numerical solution
of Boussinesq type equations presented by Wu (1981) and Villeneuve and Savage
(1993) sufficiently reproduced the weakly nonlinear shallow water waves recorded in
the VAW-laboratory.




Figure 16: (a) Piston type wave generator with a wedge cross-section by Sander
(1990) and (b) Saelevik et al. (2009).
back to a driving conveyor belt in a wave flume 25 m long, 0.51 m wide and 1 m deep.
The slide model is showed in Fig. 16(b). The connection at the back of the train of
landslide boxes allowed o control the landslide from initiation to deposit without the
conveyor belt remaining outside of the water. The effect of slide length and volume
on the wave generation process were studied. Saelevik et al. (2009) inferred from the
experimental results that the leading wave generation was strongly influenced by the
slide volume, while the slide length played an important role in the generation of trail-
ing waves. The PIV measurements of the velocity in the water column demonstrated
the applicability of higher order Boussinesq equations to describe the generated waves
in the far field.
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2.5.3 Granular Slide Models
2.5.3.1 2D models
Slingerland and Voight (1982) presented an empirical regression for the prediction of
the relative wave amplitude of the first wave from the dimensionless kinetic energy.
The experimental data was obtained from two 3-dimensional, site-specific physical
model studies conducted at scales of 1:120 and 1:300 by Davidson and Whalin (1974),
Davidson and McCartney (1975) and Ball (1970).The slides were either tabular or
triangular in shape. The slide material consisted of gravel, iron or lead bags. The bags
were moderately porous in nature with minimal deformation and perform closely like
solid blocks with some porosity. The maximum first wave crest amplitude measured




= −1.25 + 0.71 logEsk (14)
with the dimensionless slide kinetic energy Esk and still water depth h. The dimen-











with slide and water density ρs and ρw, slide impact velocity vs and gravity g. The
characteristic radial wave pattern is shown in Fig. 20(a). The data was obtained
for 20 experiments from 3 different slides at three different water levels. The slide
thickness s to water depth h ratio ranged from 0.37 < s/h < 0.8, the slide volume
Vs ranged from 0.7 − 39 × 106 m3 in prototype scale and the slide Froude number
F = vs/
√
gh roughly from 0.5 to 5.
Huber (1980) conducted comprehensive experimental studies on impulse waves
generated by granular landslides. The study consisted of over 1000 2D and 3D ex-
periments. In the 2D experiments, the granular slide mass consisted of rounded river
gravel with a continuous grain diameter distribution from 8 mm to 30 mm with mean
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diameter of 20 mm and grain density of ρg = 2, 700 kg/m
3. The slide material was
placed in a triangular shape behind a vertical flap gate on an inclined ramp. The
granulate was released from rest by lifting the flap. By varying the initial position of
the slide, different impact velocities for the slide were obtained. The following param-
eters were varied to study the relation between the generated wave characteristics and
the slide parameters. The slide mass was varied from 5 to 50 kg, impact slide front
velocity 1 m/s to 4 m/s, water depth 0.12 m to 0.36 m and slope angle α from 28o to
60o. The slide Froude number was in the range 0.5 < F < 3.7 and the relative slide
volume was 0.03 <= Vs/(bh
2) <= 2.57. A summary of the experimental results of
Huber (1980) can be found in Huber and Hager (1997) and Vischer and Hager (1998).
Huber (1980) observed sinusoidal, cnoidal and solitary waves including intermediate
type of waves. In the experiments, energy conversion of 1%−40% was observed. The
wave height for the two dimensional impulse wave prediction was given by











with slope angle α, slide density ρs, water density ρw, slide volume Vs, slide width
b, still water depth h and location x. The assumption that the velocity does not
play a role in determining the characteristics of the generated wave is non-physical
due to the nature of the landslide motion and impact with the water surface in the
experiments of Huber (1980). Since the granular mass was released from rest, the
landslide collapses immediately and begins to slide down the incline. This results
in the development of an extremely long and thin slide shape with the slide front
moving extremely large distance when compared with the tail of the slide as shown
in Fig. 8(a). To vary the slide velocity, it needs to be released at higher initial
positions thus resulting in thick slow slides and thin fast slides. Hence the slide
velocity and thickness are dependent parameters and not independent as obtained
from dimensional analysis. In this context, a pile of gravel released from rest is not
a realistic model of landslides as the landslide initially slides as a solid block along
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a low friction bed layer, then disintegrates into a debris slide and later into a debris
avalanche. To model this phenomenon, Fritz and Moser (2003) designed a pneumatic
machine which launches the granular mass as a solid block first and then the debris
avalanche follows.
Fritz (2002) conducted a wide range of 2D experiments on impulse waves generated
by granular landslides. The results of these experiments are summarized in Fritz et al.
(2001),Fritz (2002), Fritz et al. (2003a), Fritz et al. (2003b), Fritz et al. (2004) and
Fritz et al. (2009). The 2D experiments were conducted in a rectangular prismatic
water channel which was 11 m long, 0.5 m wide and 1 m deep. The landslide dynamics
was controlled by means of a novel pneumatic landslide generator (Fritz and Moser
(2003)). The landslide generator allowed to independently vary the slide parameters
that govern the wave generation. A scaling analysis led to the identification of 7
parameters that are relevant to the impulse wave generation: (i) still water depth h,
(ii) slide thickness s, (iii) grain diameter dg, (iv) slide impact velocity vs, (v) bulk
slide volume Vs, (vi) bulk slide density ρs and (vii) hill slope angle α. A total of 137
experimental runs were conducted while varying the experimental trial conditions.
The still water depth h ranged from 0.3 m to 0.675 m, the hill slope angle α varied
from 30o − 90o, the slide mass ms ranged from 27 kg - 108 kg, the relative slide
thickness and relative slide volume ranged from 0.07-0.6 and 0.07-1.6 respectively.
The slide impact velocity varied from 2.7 m/s to 8.2 m/s and the slide Froude number
F varied from 1-4.8. The landslide material consisted of artificial granular materials
(PP-BaS04) with the grain density of ρg = 2.64 t/m
3 and bulk density ρs = 1.62
t/m3. The generated waves belonged to either of the four classes of gravity waves:
weakly nonlinear oscillatory waves, nonlinear transition waves, solitary-like waves and
dissipative transient bores.
The near field measurements of the wave generation process using a PIV setup
(Fritz et al. (2003b)) yielded valuable information on the wave kinematics in the
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impact zone. These were the first near field measurements of the water column in
the wave generation region by a granular landslide. The PIV measurements yielded
velocity vector field in the channel which will aid the calibration and validation of
numerical models (Madsen and Gittings (2002), Quecedo et al. (2004), Weiss and
Wuennemann (2007)). Based on the slide Froude number, four flow regimes in the
impact zone were identified namely no flow separation, local flow separation, backward
collapsing impact craters and outward collapsing impact craters. The schematics for
these flows are shown in Fig. 17.
(a) (b)
(c)
Figure 17: Flow separation and crater type formation from Fritz et al. (2003b):
(a) in terms of slide Froude number F and relative slide thickness S, (b) crater type
formation, (c) example of cavity formation.
It was observed that at high impacts, flow separation occurs leading to formation
of impact craters, which can lead to large water displacement volumes when compared
to the slide volumes. Flow separation was found for the cases when the slide Froude
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with S being the dimensionless slide thickness. The maximum wave crest amplitude











with vs slide impact velocity, s slide thickness and still water depth h. It was found
that between 2%− 30% of the slide kinetic energy was converted into the first wave
energy and the efficiency of wave generation was found to decrease with increasing
dimensionless slide volume. The parametric relation for the maximum amplitude
given by Eq. 18 was applied to the Lituya Bay case (Fritz et al. (2004), Fritz et al.
(2009)) and the maximum amplitude was compared with the model results of Fritz
et al. (2001) and Eqn. 16 from Huber and Hager (1997), Eqn. 7 from Kamphuis
and Bowering (1970), block and piston type models of Noda (1970), Eqn. 14 of
Slingerland and Voight (1982) and numerical models of Madsen and Gittings (2002),
Quecedo et al. (2004) and Weiss and Wuennemann (2007). The results of these models
in comparison with their own results varied in the range of −50%−+100% while the
piston model of Noda (1970) overestimated the maximum amplitude of Eqn. 18 by
230%.
The physical model of Fritz (2002) was extended by Zweifel (2004) to investigate
the effects of the bulk slide density ρs with granular slide densities ranging from
ρg = 955 kg/m
3 to 2,640 kg/m3. The correlation for the maximum wave amplitude







where F is the slide Froude number, S is the relative slide thickness and M =
ms/(ρwbh
2) is the dimensionless slide mass. The wave amplitude was found to decay
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(a) (b)
Figure 18: (a) Maximum relative amplitude versus FS1/2M1/4 with (-) Eq. 18 and




= 2S1/2 tanh 0.25F 3/2 (M/X)1/2 (20)
Analogous to Fritz (2002), Zweifel and Hager (2006) observed oscillatory, cnoidal,
solitary and bore waves as a function of the slide Froude number, relative slide thick-
ness and the relative slide volume. The box experiments of Zweifel (2004) in the same
channel resulted in over prediction of maximum wave amplitudes when compared with
the slide tests for the same conditions at small Froude numbers. However, the results
became similar for F > 3.0. The comparison between the maximum amplitude for
the box and the slide follows
aMbox/h− aM/h
aMbox/h
= 1− 0.26F, for0.5 <= F <= 2.8 (21)
with a correlation coefficient of r2 = 0.97.
Heller (2008) extended the experimental work of Fritz (2002) and Zweifel (2004)
to analyze scale effects and the effect of slide mass and granulate characteristics on







P = FS1/2M1/4 (cos β)1/2 (23)
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The angle β = (6/7)α accounts for the effect of the hill slope angle on the wave








Rzadkiewicz and an P. Heinrich (1997) conducted experimental studies on granular
submarine landslides by allowing a mass of sand to slide freely down a frictionless
inclined plane with a slope of 30o or 45o in a channel 4 m long, 0.3 m wide and 2 m
high. Three different sand types with grain diameters between 50-250 µm, 0.8-2 mm
and 2-7 mm were used to model the submarine landslide. The experimental result
for the case of coarse sand sliding down the slope is shown in Fig. 19.
(a) t = 0.4 s (b) t = 0.8 s
Figure 19: Experimental results for coarse sand sliding down 45o incline at t = 0.4
s and t = 0.8 s (Rzadkiewicz and an P. Heinrich (1997)).
2.5.3.2 3D deformable landslide models
The early 3D studies with granular slide material were site specific cases studies such
as the study of Davidson and Whalin (1974) or WCHL (1970). The wave height or
amplitude estimation were given by Huber and Hager (1997) based on the exper-
imental data of Huber (1980) and by Slingerland and Voight (1979) based on the
experimental data of Davidson and Whalin (1974) and WCHL (1970). Davidson and
Whalin (1974) conducted model studies of Lake Koocanusa in Montana at 1:120 scale
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where the slide was modeled with bags of iron and lead at different locations around
the lake. The bags were moderately porous in nature and behave close to solid blocks
with some porosity. The generated waves were measured by a set of 16 wave gages.
WCHL (1970) modeled the Mica Reservoir in British Columbia at a scale of 1:300.
The slide was modeled with bags of gravel. The model study is shown in Fig. 20(a).
Huber (1980) conducted roughly 150 3D experiments in a wave basin. It was
observed that the landslide induced impulse waves in a water body propagate radially
over the water surface. The radial spread was characterized by a strong dependency
of wave height on the propagation direction θ and the radial travel distance r. The
wave height was maximum in the direction of the slide and the wave was found to
decay rapidly in the lateral direction. The strong radial component is shown in Fig.
20(b). The relative wave height in a 3D water body was predicted as
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The decay in the wave height with the relative propagation direction increased for 3D
wave propagation as compared with 2D wave propagation as shown in Fig. 20(b). In
the radial direction as well, the 3D wave height damping (a(r) ∝ r−1/4) was found to
be faster than in 2D case (a(x) ∝ x−1/4).
(a) (b)
Figure 20: 3D granular slide model experiments: (a) case study of the Mica Reser-
voir (WCHL (1970)) and (b) relative wave height damping in the radial and angular
direction manually fitted to experimental data (Huber and Hager (1997)).
47
2.6 Related modeling of impulse waves
Prins (1958) modeled impulse waves with an initial dam-up or lowering of the water
surface over a finite length in a 2D water channel. Four different wave types were
generated depending on the amount and length of the initial rise or lowering of the
water level relative to the water depth. The four wave types are: oscillatory waves,
leading solitary waves followed by dispersive trailing waves, solitary waves separated
from the trailing waves and multiple solitary waves. The experimental data were
compared with the theoretical work of Unoki and Nakano (1953) and Kranzer and
Keller (1959), but the wave heights could not be predicted satisfactorily. Hunt (1988)
produced an analytical solution for water waves generated by distant landslides by
injecting a volume of fluid at a point source through the bottom of a reservoir. This
approximation is justified by the assumption that the times are large relative to the
duration of the time of the landslide and when the distances are large compared to a
characteristic horizontal dimension of the volume flux of water displaced by the slide
material.
Storr and Behnia (1999) conducted experimental studies on impulse waves gener-
ated by large diameter gravity driven liquid jets impacting into a pool with variable
water depth. The liquid jets comprised of a finite volume of liquid released well above
the still water surface from a cylinder with variable diameter. The fluid properties of
the jet were varied within the following ranges: density from 1.0 to 1.58 t/m3, surface
tension σ from 0.014-0.076 N/m, and dynamic viscosity µ from 0.0006-2 N/m3. The
viscosity of the liquid jet had a significant effect on the deformation of the jet during
the impact and the size and shape of the air cavity formation.
LeMéhauté and Wang (1995) extensively summarized the earlier work and liter-
ature on impulse wave generation by underwater explosions. The efficiency of the
wave generation increased from shallow waters to deeper waters. In shallow water
depths, when the cavity generated by explosions reached the bottom, only 5% of the
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explosion energy was transmitted in the form of water waves. Similarities between
explosion generated waves and the landslide generated impulse waves were proposed
based on wave characteristics and air cavity collapse. In a similar study, Johnson and
Bermel (1949) and Jordaan (1969) conducted laboratory experiments on underwater
explosions by replacing the explosion with falling weights.
Figure 21: A sequence of 10 images from the 3D simulation of an impact of 1 km
bolide at an angle of 45o with an ocean of 5 km depth. Shown are the density rasters
from Gisler et al. (2003).
Crawford and Mader (1998) numerically modeled the interaction of a typical stony
asteroid with the atmosphere and a 5 km deep ocean with a basalt bottom with a
CTH code for a multi-dimensional, multi-material, large deformation and strong shock
wave physics (McGlaun et al. (1990)). The CTH code was also successfully applied to
simulate the impact of Shoemaker-Levy 9 comet on Jupiter (Crawford et al. (1994)).
The asteroids had variable diameters, density of 3.32 t/m3 and an impact velocity
of 20 km/s. The collapse of the impulse cavity, the resulting tsunami wave and the
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circular propagation was modeled with the ZUNI code which solves the incompress-
ible Navier-Stokes equation (Mader (1988)). Gisler et al. (2003) simulated impacts of
asteroids into the 5 km deep ocean using the SAGE model from Los Alamos National
Laboratory shown in Fig. 21. The model is a compressible Eulerian hydrodynam-
ics code with continuous adaptive mesh refinement with realistic equations of state
for atmosphere, water, the oceanic crust and the mantle. Weiss et al. (2006) used
a combination of an extended iSALE model (Wünnemann et al. (2006)) and the
MOST model (Titov and Synolakis (1995), Titov and Synolakis (1998)) to simulate
the oceanic impacts of asteroids and the generated tsunami propagation and runup
respectively. The wave pattern from the impact calculated using the iSALE model is
used as a boundary condition in MOST model for evaluating wave propagation and
runup. A similar technique was used by Glimsdal et al. (2007) where a multimaterial
hydrocode model SOVA (Shuvalov et al. (1999)) is used initially to model the im-
pact and then a wave propagation model is used to simulate wave propagation and
runup. The tsunami propagation models was based on the solution of the Boussinesq
equations. The wave generation and propagation from asteroid impacts are strongly
influenced by nonlinearities, the material, size and direction of the asteroid and the
oceanic environment. In most simulations, the deep ocean asteroid impact generated
waves were not in shallow water waves but in the intermediate water depth range sim-
ilar to landslide generated tsunamis. The simulations of asteroid impact generated
tsunami wave runup and breaking can be found in Korycansky and Lynett (2005)
and Korycansky and Lynett (2007).
2.7 Numerical modeling of landslide generated tsunamis
Noda (1970) used linear theory to predict the wave form of the wave motion produced
by a body falling vertically into a tank. The model assumes that the time history of
the falling block is known. The assumptions of linear theory breaks down near the
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falling block. The solution only produced reasonable agreement with experimental
data for thin blocks with initial submergence. Even for initially submerged blocks,
the theoretical solutions depart from the experimental data with increasing relative
block thickness s/h and increasing wave amplitude.
Monaghan and Kos (2000) conducted 2D numerical simulations to clarify the
details of the wave formation and the box dynamics from their experimental study.
The setup for the numerical simulations were similar to the experimental setup. They
successfully simulated the box dynamics and the wave formation including the wave
breaking and air entrainment during cavity collapse with the Lagrangian particle
method - smoothed particle hydrodynamics (SPH) described in Monaghan (1992).
The numerical results overshot the experiment by 3 − 18%. Monaghan and Kos
(1999) successfully simulated gravity currents descending a ramp in a stratified tank
with the SPH method. Further SPH simulations by Monaghan et al. (1999) accurately
reproduced experiments on the run-up of a solitary wave on a beach of varying slope
and in particular the wave breaking during the run-down including the bore formation.
Heinrich (1992) conducted numerical studies on tsunamis generated by landslides
using the NASA-VOF2D model. In this study, the landslides were modeled as a rigid
body with a triangular cross section sliding down a ramp. The model is a nonlinear
Eulerian model which solves the complete Navier-Stokes equations by a finite differ-
ence method. This model was extended to allow for the movement of the fluid domain
boundaries to simulate landslides. Subaerial as well as submarine landslides and bot-
tom movement were modeled using this code. The velocity vector fields and the free
surface comparison between the numerical simulations and the experimental results
are shown in FIGURE. While the first wave crest and trough showed good comparison
the latter dispersive trains showed a phase shift and variations in the wave amplitude.
A three dimensional version of the model was also developed by Heinrich (1992). The
NASA-VOF2D model was also used to simulate tsunamis generated by submarine
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landslides by Rzadkiewicz and an P. Heinrich (1997). The submarine landslide was
modeled as a fluid with an ideal Bingham plastic law, in which no deformation takes
place until a specified shear is applied to the fluid. The comparison of the model
simulations with experimental results is shown in Fig. 22.
Figure 22: Submarine landslide: (a) experiment of coarse sand sliding down a ramp
with slope angle α = 45o; (b) computed density map at t = 0.8 s (Rzadkiewicz and
an P. Heinrich (1997)).
Ward (2001a) computed tsunamis generated from complex landslides by using a
pseudo Green’s function method that computes the tsunami from sums of many small
simple slides of varying thickness, length, width, velocity, orientation and initiation
time. This method was employed to simulate the potential collapse of the Cubmre
Vieja volcano and model the tsunami at La Palma, Canary Islands (Ward and Day
(2001)). Ward and Day (2008) developed a new granular approach of tsunami balls to
model the tsunami runup and inundation. The tsunami generation, propagation and
runup phases are modeled as balls of tsunami energy which behave similar to a debris
avalanche but without the underlying basal friction which results in the return of the
water phase to the ocean body. The formulation of the ball accelerations enable both
wave-like and flood-like behavior so that the tsunami waves can transition smoothly
from deep water, through wave breaking to final runup. The tsunami balls track
according to long wave theory in deep water and behave like a water landslide on
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land.
Depth-averaged nonlinear shallow water wave equations were used to simulate
tsunamis generated by different landslide scenarios by Raney and Butler (1975), Chi-
ang et al. (1981), Chaudhry et al. (1983), Townson and Kaya (1988), Mader (1988),
Mader (1999), Harbitz et al. (1992), Jiang and LeBlond (1992), Jiang and LeBlond
(1993), Jiang and LeBlond (1994), Johnson and Mader (1994), Imamura and Gica
(1996) and Tinti and Bortolucci (2000). However, neglecting vertical accelerations in
the water body during the wave generation and on the shore during wave runup is
inaccurate as showed by Fritz (2002). The landslide generated tsunamis are mainly
in the intermediate water depth regime and hence subjected to dispersion, which is
not included in the nonlinear shallow water wave equations, as seen in real cases.
Lynett and Liu (2002) derived a mathematical model to describe the tsunami wave
generation and propagation by submarine landslides. The depth integrated continuity
and momentum equations were solved using a high-order finite difference model and
the results were compared with experimental data and other numerical models. The
model simulations were compared with experimental results of Hammack (1973) and
Watts (1997). The model has capabilities to simulate either weakly nonlinear effects
or a non-dispersive wave system.
Watts (2000) performed numerical simulations of water waves generated by an
underwater landslides and compared them with the experimental results. The land-
slide was modeled as a block of semi elliptical cross-section. The model based on
the depth averaged nonlinear shallow water wave equations appear to underestimate
the wave amplitudes. Watts et al. (2003) used a Bingham rheology as a superposi-
tion on a center-of-mass treatment for submarine landslides. They also showed that
nonlinear and dispersive tsunami propagation models may be necessary for modeling
landslide tsunami cases. This was done using GEOWAVE by combining the TOP-
ICS (Tsunami Open and Progressive Initial Condition Systems) model with the fully
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nonlinear Boussinesq water wave model FUNWAVE.
Grilli and Watts (1999) developed 2D-FNPF, a two dimensional fully non lin-
ear potential flow solver to model tsunamis generated by submarine landslides in a
numerical wave tank developed by Grilli et al. (1989). The submarine landslide is
modeled by a fully submerged semi-ellipse on a plane slope. The model was also used
to simulate tsunamis generated by submarine slides and slumps by Grilli and Watts
(2005). The 2D-FNPF model was then extended by Grilli et al. (2002) in a three
dimensional numerical wave tank to model three dimensional tsunamis generated by
submarine landslides. This model was based on the fully nonlinear potential flow
theory solved using a higher order boundary element method. The numerical results
were compared with the experimental results for a quasi two dimensional landslide.
The deformation in the underwater slide shape was achieved by specifying a positive
uniform normal velocity along the slide boundary. However, the deformation of an
underwater slide is also subjected to the shear forces acting on the front and the top
of the slide which cannot be simulated in the present model. This can be overcome
by the use of multi-phase models which describe the landslide theology as well as the
fluid properties of the water body.
The multi-phase models usually involve solving the Navier-Stokes equations in
an Eulerian grid based framework for the three phases of the landslide material,
water and air. Accurately modeling the material interfaces is the key in these models
since these interfaces are subjected to numerical diffusion and are subject to shocks
during material interactions. Madsen and Gittings (2002) obtained the near-field wave
characteristics of impulse waves generated by subaerial landslides using the solution
of the compressible Navier-Stokes equations in the SAGE model. The model uses a
continuous Adaptive Mesh Refining (AMR) scheme to simulate the different phases
in the solution. In the SAGE model, the compressible Navier-Stokes equations are
solved by a high resolution Godunov differencing scheme. The model was used to
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simulate the Krakatoa hydrovolcanic explosion and tsunami by Mader and Gittings
(2006). Quecedo et al. (2004) implemented the level set formulation of the Navier-
Stokes equations (Sethian (1996), Fedkiw et al. (1999)) to differentiate and define the
different phases in the landslide tsunami problem. The landslide material is modeled
as a generalized viscoplastic fluid proposed by Chen and Ling (1996). Abadie et al.
(2008) used a Volume of Fluid (VOF) method to model the coupling between the slide
material and the water body. The model was validated for the case of solitary wave
generation by Russell’s wave generator. Horrillo (2006) also used the VOF technique
to develop a two dimensional numerical model to study tsunami wave generation,
propagation and runup. In contrast, Schwaiger and Higman (2007) used a mesh
free Lagrangian hydrocode based on the Smoothed Particle Hydrodynamics (SPH)
to reduce the effects of numerical dissipation and improve tracking of the material
interfaces.
Weiss et al. (2009) adapted the multi-material iSALE (Wünnemann et al. (2006))
to simulate the Lituya Bay landslide tsunami event. The model is a multi-material,
finite-difference hydrocode for simulating fluid flows and solid body deformations at
subsonic and supersonic speeds (Amsden et al. (1980)). The computed wave runup
agrees with both the experimental results of Fritz et al. (2001) and the measured field
runup. Beget and Kowalik (2006) compared numerical models of tsunami height and
inundation with field data from tsunami deposits and historic accounts of the 1883
Augustine tsunami. Sensitivity testing and calibration of numerical models based on
real world data can provide a high degree of confidence in the validity and accuracy
of numerical models.
2.8 Conclusions
The conclusions from the review of literature are summarized below:




Figure 23: Modeling of Lituya bay, Alaska event of 1958: (a) Physical modeling by
Fritz et al. (2001); (b) SPH model by Schwaiger and Higman (2007); (c) Navier-Stokes
solution by Quecedo et al. (2004) and (d) iSALE modeling by Weiss et al. (2009).
• Analytical models cannot accurately model the wave generation process in real
world cases and are not suitable for hazard mitigation purposes.
• The analytical solutions might not accurately describe the generated tsunamis
in the nonlinear range.
• Landslide generated tsunami are typically shorter in wave period and wave
length than tectonic tsunamis, which places them mostly in the intermediate
water depth range.
• The observed wave types were: oscillatory, cnoidal, solitary, bore and interme-
diate characteristics.
• The leading wave is not necessarily the largest wave in the generated wave train.
• The identified parameters governing tsunami generation by landslides are: still
water depth h, slide thickness s, slide length l, slide width b or the bulk slide
volume Vs, slide impact velocity Vs, slide mass ms, bulk slide density ρs, grain
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slide density ρg, slide porosity n, hill slope angle α, time of underwater slide
motion ts and in some cases the slide front angle.
• The wave propagation depends on the stream wise or radial distance x or r de-
pending on 2D or 3D case respectively, the time t and the propagation direction
θ.
• In most physical models, bathymetry effects were neglected by conducting the
experiments with a horizontal bottom.
• In most physical models, the tsunami generation showed a dependence on the
slide Froude number F , relative slide thickness s/h, hill slope angle α, relative
distance x/h or r/h and the wave propagation direction θ.
• Some conclusions from subaerial, partially submerged and submarine landslides
are not interchangeable among themselves.
• In physical models involving solid blocks, a large amount of kinetic energy of the
block is abruptly removed from the system by either hitting the basin bottom or
by means of a form of stopper, which results in biased energy conversion rates
between the slide and the wave. This complicates direct comparisons between
studies with deformable and block landslides as tsunami source.
• Solid block models do not reproduce the long submarine runout of the landslides
observed in nature. In most cases, they do not accurately simulate the slide
deformation, porosity and time history of emplacement.
• The block models overestimate the maximum wave amplitude when compared
with granular slide models.
• The wave attenuation is underestimated in 2D models when compared with 3D
wave propagation.
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• The maximum wave heights in 3D models are in the direction of the slide
propagation.
• Lateral runups from the generated tsunami could pose a hazard close to the
generation region.
• Data from physical models may provide height precision data sets for validating
numerical models.
• The two dimensional depth averaged wave models incorrectly disregard the
vertical fluid accelerations in the generation region.
• A fully three dimensional model can accurately simulate the landslide-fluid dy-
namics in the wave generation region.
• The accuracy of the full three dimensional Navier-Stokes model depend on the
description of the landslide rheology and the interface tracking between the
different phases in the flow.
• The boundary element methods may fail in case of shock formation or develop-
ment of sharp fronts.
• The boundary element method is deficient to model subaerial or partially sub-
merged landslide impact cases.
• The SPH methods are promising with regard to the wave generation.
• Empirical predictive equations from 2D or 3D tests are often difficult to employ
in real scenarios due to bathymetry and topographic effects on wave transfor-
mation, propagation and runup.
2.9 Identified research gaps
The identified research gaps are summarized as follows:
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• The currently available data sets are deficient in terms of the three dimensional
landslide deformation, 3D landslide water body interaction, kinematics of the
3D wave generation process and submarine landslide dynamics.
• The information needed for 3D numerical model validations are limited.
• No study exists in which all the governing parameters for the slide models were
independently varied.
• The tsunami wave generation by 3D deformable landslides is not investigated
with modern instrumentation.
• The effect of 3D landslide deformation on the main wave characteristics is not
quantified
• The dependency of the generated wave train on the angular propagation direc-
tion is poorly established.
• Effects of complicated bathymetry and topography at the tsunami source are
not determined, which are typical for volcanic islands or fjord like bays.
• The knowledge of the impulse wave generation in unsatisfactory for engineer-
ing applications for hazard mitigation. Landslide generated tsunamis are not





Experiments on tsunamis generated by unconfined deformable granular landslides
were conducted in the O. H. Hinsdale wave research laboratory at Oregon State
University in Corvallis, Oregon. The experiments were conducted in the large three-
dimensional NEES Tsunami Wave Basin (TWB). The granular landslides were de-
ployed using a novel pneumatic Landslide Tsunami Generator (LTG). The landslide
tsunami generator was designed at Georgia Institute of Technology and manufac-
tured by TIC in Savannah. The landslide tsunami generator was then shipped to
Oregon and deployed in the tsunami wave basin at Oregon State University. This
chapter describes the physical model setup and the instrumentation deployed in the
experiment.
3.2 Dimensional Analysis
The theory of dimensional analysis is given by Buckingham (1914), Yalin (1971) and
Novak and Cabelka (1981). Detailed discussion on dimensional analysis of fluid flow
may be found in Hughes (1993), Dalrymple (1985), Sedov (1959) and others. Dimen-
sional analysis cannot produce a complete solution nor can it reveal the inner funda-
mental physics of a phenomenon. According to the Π theory of Buckingham (1914),
the governing independent parameters r1, r2, ..., rn can be reduced to m = n− o gov-
erning dimensionless parameters Π1,Π2, ...,Πm without loosing physical information,
where n is the number of independent parameters, o is the number of fundamental
dimensions such as mass, length and time and m is the number of non-dimensional
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Table 3: Governing parameters for tsunamis generated by granular landslides.
symbol description dimension fundamental dimension
h still water depth [m] [L]
s slide thickness [m] [L]
b slide width [m] [L]
ls slide length [m] [L]
Vs slide volume [m
3] [L3]
vs slide velocity [m/s] [LT
−1]
α hill slope angle [o] [-]
ρs slide density [kg/m
3] [ML−3]
ρw water density [kg/m
3] [ML−3]
g acceleration due to gravity [m/s2] [LT−2]
r radial propagation distance [m] [L]
θ propagation direction [o] [-]
t time [s] [T]
parameter. A hydraulic model is similar to the prototype if all of the dimensionless
parameters are identical. The establishment of the dimensionless parameters is arbi-
trary if the number of parameters exceed six, which leads to an arbitrariness in the
determination of the condition of similitude (Birkhoff (1950)). With reference to Fig.
3, the governing parameters for the tsunami wave generation by landslide are shown
in Table. 3.
A total of 14 independent parameters which govern the tsunami wave generation
are identified. The gravitational acceleration g, the water density ρw and the slide
density ρs are constant in this study. The initial slide length was not varied, thus
making it redundant for the study as the initial slide volume Vs includes the initial
slide length, width and thickness. However the slide length at impact is defined as
ls = Vs/(sb) in terms of the landslide thickness and width at impact. The mass of the
slide may be expressed using the bulk slide density and the slide volume as ms = ρsVs
and hence is not considered as an independent parameter. The slide geometries in
the present study are described by the slide volume Vs, slide thickness s, width b and
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Table 4: Non-dimensional parameters that govern tsunami generation by 3D de-
formable granular landslides.
dimensionless parameter description
Π1 = F = vs/
√
gh relative slide impact velocity or slide Froude number
Π2 = S = s/h relative slide thickness
Π3 = B = b/h relative slide width
Π4 = V = Vs/h
3 relative slide volume
Π5 = D = ρs/ρw relative slide density
Π6 = α hill slope angle
Π7 = R = r/h relative propagation distance
Π8 = θ propagation direction
Π9 = Tr = t (g/h)
1/2 relative time
length ls. The slide bulk density ρs is defined as
ρs = (1− n)ρg (26)
in terms of the granulate density ρg and the slide porosity n. The slide porosity
includes effects of slide shape and the grain diameter dg. The time of the under-
water slide motion ts is not considered due to the poorly defined end of motion for
deformable granular landslides (Fritz (2002)) in contrast with solid block slides which
abruptly come to a stop. The time of underwater motion is a dependent parameter
and depends on the landslide velocity and shape (Heller (2008), Heller et al. (2008)).
With the above, a total of nine dimensionless parameters were identified that govern
the wave generation. These non-dimensional parameters are summarized below.
All the variables that characterize the tsunami waves depend upon the above
non-dimensional parameters. The relative slide density and the hill slope angle are
constant in this study. In the present study, all the predictive equations are determine
by a multi-variable regression analysis of the measured values. Thus the relative
amplitude A = a/h may be expressed as
A(R) = f(F, S,B, V,R, α, θ, Tr) (27)
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3.3 Physical Model
The experiment setup was deployed in the George E. Brown Network for Earthquake
Engineering Simulation (NEES) tsunami wave basin (TWB). The wave basin is 48.8
m long, 26.5 m wide and 2.1 m deep. The tsunami wave basin is equipped with
a large stroke, directional wavemaker with active wave absorption to study tsunami
wave propagation and runup properties. However, a novel landslide tsunami generator
was deployed from the opposite shore in the tsunami wave basin to study tsunami
wave generation by landslides and their propagation away from the landslide source.
The schematics of the experimental setup are shown in Fig. 24.
(a)
(b)
Figure 24: The pneumatic landslide tsunami generator setup in the tsunami wave
basin.
A hill slope was built on one end of the wave basin with a slope of one vertical
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to two horizontal (α = 27.1◦). The major portion of the hill slope was built with
wood on a wooden mount, while the central portion where the landslide tsunami
generator was mounted was made of steel. The hill slope configuration is shown in
Fig. 24(b). A wooden walkway provides access to the landslide tsunami generator on
the hill slope. A translational bridge measuring 1.2 m wide spans across the width of
the TWB. This bridge was used for mounting various measurement instrumentation.
The bridge is capable of moving on a set of rails on either ends of the TWB. Thus
the position of the bridge and the instrumentation can be moved accordingly with
changes in water depth or subaqueous landslide runout.
The other end of the wave basin has a multi-paddle tsunami wave generator which
is static during the experiment. This location is sufficiently far from the landslide
tsunami generator to avoid wave reflections in the landslide impact region. The
reflections from the paddles do not interfere with the measurements of the first three
waves in the generated wave train by the landslide from the other end of the wave
basin.
3.4 Pneumatic Landslide Tsunami Generator
The design of the pneumatic landslide tsunami generator (LTG) is an extension of
the generator designed by Fritz and Moser (2003). The design is capable of mimick-
ing natural landslide motion where the landslide initially begins to move as a solid
block post failure and then disintegrates under the influence of gravity and bottom
friction to form a debris avalanche. The landslide tsunami generator is designed as a
pneumatically driven box filled with gravel. The landslide tsunami generator consists
of a slide box which measures 2.1 m long, 1.2 m wide and 0.3 m deep. The slide box
is driven by means of four pneumatic pistons. The pistons have a full stroke length
of 2 m. The pneumatic setup allows for controlled box movement by means of the
pneumatic circuit, which allows for a controlled acceleration of the slide box. The
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pneumatic control chart is shown in Fig. 25(b). The slide box is designed such that
by fixing plates in the box, the slide volume can be varied to study its effect on the
wave generation process.
The pneumatic acceleration of the landslide box at a certain pre-determined pres-
sure creates pressurized air in a chamber ahead of the piston. The release of the
pressurized air in the cylinder drives the pistons forward to accelerate the slide box.
The slide box is accelerated for roughly half of the stroke length. A pressurized air
cushion in the lower half of the cylinder damps the piston motion thus causing the
slide box to decelerate and come to rest at the end of the piston stroke. The front of
the box was enclosed with a tarp material by means of string on either ends which
were designed to fail during the launch. The entire pneumatic setup is placed on the
hill slope.
(a) (b)
Figure 25: (a) Pneumatic landslide tsunami generator; (b) flowchart for the pneu-
matic control.
3.5 Landslide tsunami generator performance
The position of the box was measured with a cable-extension transducer. The pneu-
matic landslide tsunami generator was pneumatically accelerated with four different
initial pressures of 10 bar, 8 bar, 6 bar and 4 bar. The measured box positions for
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Figure 26: The measured landslide tsunami generator box positions for all the
experimental trials.
all the experimental trials are shown in Fig. 26. The box velocities were obtained
using the first derivative of the measured box distance. The high frequency noise was
removed from the data prior to taking the first and second derivative to obtain the
velocity and acceleration. The original signal was filtered using a wavelet filter. The
measured slide box velocity for the four different firing pressures are shown in Figs.
27(a) and 27(b).
(a) (b)
Figure 27: Performance of the pneumatic landslide tsunami generator: (a) The
measured slide box velocity for the duration of slide motion t and (b) measured slide
box velocity with respect to the slide box position.
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The peak box velocity varies with slide volume in the box. The performance of
the pneumatic system strongly depended on the accelerated mass and the propulsion
pressure. The maximum box velocity for a slide volume of Vs = 0.378 m
3 was found
to be 4.0 m/s while for a slide volume of Vs =0.756 m
3, it was found to be 3.7
m/s. The slide box accelerations were computed as the second derivative of the slide
box distance displacement. The maximum slide box acceleration in the experiments
reached 4g for a slide mass of roughly 1350 kg. During deceleration, the slide box
reached accelerations up to −12g.
3.6 Granular Landslide Material
The granular material (Green and White Rock Products Inc, Corvallis, Oregon from
Willamette River) for the landslide consists of naturally rounded river gravel spanning
sieve sizes 19 mm to 12.7 mm. The bed friction angle of the granulate material is
lower than the experimental hill slope which allows for the landslide motion on the
slope. The rounded shape of the granulate material allows the gravel to behave as
natural landslides post the pneumatic acceleration and spread naturally on the hill
slope. The physical characteristics of the gravel are summarized below.
• slide grain density, ρg : 2.556 t/m3.
• bulk slide density, ρs = 1.76 t/m3
• porosity, n : 0.31
• Internal friction angle, φ : 41o
• friction angle, δ : 23o
67
Figure 28: Granular material used for modeling the 3D deformable landslides
3.7 Instrumentation deployed in the tsunami wave basin
3.7.1 Camera Setup
The dynamic and granular nature of the landslides launched by the landslide tsunami
generator requires non-intrusive measurement techniques to quantify the slide motion.
A total of seven cameras recorded the landslide motion from its inception to the final
deposition on the bottom of the tsunami wave basin. The camera locations in the
tsunami wave basin are shown in Fig. 29. Two cameras were placed on the hill slope,
one above the water surface and the other underwater. The images recorded by these
cameras are used to determine the slide front velocity and the slide profile shape on
the hill slope.
A high resolution particle image velocimetry camera is placed with the viewing
area on the hill slope above the water surface and the impact region on the water
surface. The images from these cameras are used to measure the slide front velocity,
slide width and the slide surface velocity. More information on the PIV setup can be
found in the subsequent section. A camera is placed on the bridge with the viewing
focus on the lateral wave runup on the hill slope while another camera is placed
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Figure 29: Schematics representation of the camera array setup in the tsunami wave
basin to measure the landslide motions.
underwater focusing on the slide front. The last camera is located overhead of the
tsunami wave basin to provide an overall view of the experimental process. Except
for the particle image velocimetry camera, all the other cameras have standard video
resolution. The viewing area of these cameras are shown in Fig. 30. All the cameras
are calibrated in situ by placing calibration plates with a regular pattern of dots in
the various measurement planes both above and underwater. Some of the calibration





Figure 30: Image frames displaying the viewing area of the cameras: (a) Overview
of the experimental setup; (b) PIV camera view; (c) above water side view; (d) under




Figure 31: In situ calibration of the cameras.
3.7.2 Multi-Transducer Acoustic Array
A multi-transducer acoustic (MTA) array surveyed the landslide deposit at the bot-
tom of the wave basin after each experimental trial prior to landslide recovery. The
acoustic array measures the underwater distance to the landslide surface. The acoustic
array consists of four transducer arrays connected in series for a total of 32 trans-
ducers. Each array consists of eight transducers that are housed in a stainless steel
housing with a 0.08 m transducer spacing. Each transducer array measures 0.64 m
in length with the composition totaling 2.56 m. The transducers have a diameter of
0.02 m and operate at 2 MHz with a half-beam angle of 1.1o. The acoustic array has
a measurement range of 0.05-4.20 m. The eight transducer individual array and the
composite 32 transducer array are shown in Fig. 32.
The acoustic array is mounted on the front end on the bridge, facing the landslide
tsunami generator. The horizontal reference distance for the acoustic array is mea-
sured by means of a laser range finder (LRF), which is mounted on the back end of
the bridge. The target for the laser range finder is mounted on the rear wall of the
wave basin. The acoustic array setup is shown in Fig. 33. The data from the acoustic
array and the laser range finder are interpolated using the time of measurement to
obtain the horizontal coordinate for the measured survey depths. At the end of an
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(a) (b)
Figure 32: Multi-transducer acoustic array
experimental trial, the acoustic array is lowered such that the transducer housing is
below the water surface. Then the bridge is moved slowly towards the hill slope and
the acoustic array scans the basin bottom to survey the slide deposit.
Figure 33: The multi-transducer acoustic array setup in the wave basin.
The acoustic array and the laser range finder data was acquired by a dedicated
computer. The scanned 32 longitudinal landslide profiles describe subaqueous land-
slide deposit including shape, volume and the runout length.
72
3.7.3 Wave Gauges
An array of wave gauges records the water surface elevations to characterize the
generated tsunami waves and runup. The wave gauges are of resistance type, where
the conductivity of the water medium is used to determine the wave height. The
resistance wave gauge consists of two equally spaced conductors immersed in water.
By holding a constant voltage across the two conductors, varying water levels vary
the resistance between the conductors and hence the current drawn between the two
conductors is varied.
The resistance wave gauge consists of an oscillator that produces a constant am-
plitude sine wave and the circuit is based on the Wein bridge oscillator. This circuit
produces a 20 volt peak-to-peak 10 kHz sine wave with a stable amplitude. The
output of the oscillator is AC coupled to a differential probe drive. A high speed 100
milliamp current booster is used to produce the current required to drive the probe.
Current sensing is done by measuring the voltage drop across a 1 Ohm resistor placed
in series with the probe. The sensed 10 kHz voltage is AC coupled to an instrumenta-
tion amplifier and the output of this is a single ended 10 kHz signal that is amplitude
modulated by the change in current in the probe and thus the wave amplitude. The
signal is demodulated with a full wave precision rectifier which also doubles as a low-
pass filter. The output of this rectifier filter combination is an analog voltage signal
proportional to the wave height. The block diagram for the circuit setup is shown in
Fig. 34(a)
The wave gauge consists of two probes which are 3.2 mm diameter stainless steel
rods 0.72 m long. These rods are supported at the top by a lucite block that has two
parallel bores on 2.54 cm centers to accept the rods. The spacing at the bottom is
maintained by means of a 3.2 mm thick lucite plate. The probe is connected to the
drive circuit with a 20 gauge twisted shielded pair cable. The power supply for the
gauge is a regulated plus and minus 15 volt, 200 milliamp supply. This wave probe,
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(a) (b)
Figure 34: (a) Resistance wave gauge block diagram; (b) installed wave gauges in
the tsunami wave basin.
when immersed completely in tap water, has a minimum resistance of about 160
ohms, corresponding to a 50 cm wave peak. By setting the output of the differential
drive signals to 2.5 volts peak to peak each, the peak current draw from the current
buffers would be about 15.6 milliamps at the maximum wave crest. Thus the gauge
exhibits a nominal sensitivity of 0.2 volts per cm. The calibration of the wave gauges
has shown them to be extremely linear over the 0.5 m range with a 0.7% error over
the length of the probe. The largest source of error in this wave gauge has been
due to the change in resistivity over time on the order of 2%. The wave gauges are
calibrated during the filling of the tsunami wave basin by measuring the water depth
with an acoustic sensor and determining the calibration factor for the wave gauges
from the measured analog voltage signal during the filling.
A total of 25 wave gauges were used to measure the tsunami wave in the wave
basin. Out of the 25 wave gauges, 21 were used in the wave basin to measure the
wave propagation in both the radial and the angular direction away from the landslide
source. Four wave gauges were placed on the hill slope to measure the runup wave
characteristics. The wave gauges in the tsunami wave basin were placed along 5
sections parallel to the hill slope direction. The rear 3 sections are fixed relative to
the wave basin coordinates and the front 2 sections are mounted on a movable bridge.
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The wave gauge locations at a water depth of 0.6 m are shown in Fig. 35.
Figure 35: Wave gauge location at a water depth of 0.6 m
3.7.4 Particle Image Velocimetry Camera Setup
A high resolution CCD camera records images for the purpose of particle image ve-
locimetry analysis. The camera is a Image Pro Plus 2M CCD progressive-scan-camera
with dual frame capabilities for correlation purposes. The CCD has a resolution of
1600×1200 pixel and is capable of capturing images at 30 frames per second. The
camera was setup to record the landslide on the hill slope above the water surface
and the water surface in the impact zone. The camera is setup at a distance of 6.8
m perpendicular to the hill slope providing an approximate viewing area of 15 m2
(4.5 m by 3.38 m) of the impact zone as shown in Fig. 30(b). The image acquisition
and PIV analysis is performed by a PIV software program named DaVis, developed
by La Vision Inc. The image acquisition is initiated in the experiment by means of
a programmable timing unit (PTU) which is controlled by the trigger mechanism on
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the slide box. The images are recorded as single exposure image at a frame rate of
15 fps in the experimental program. Using statistical correlation based analysis, the
surface velocity on the water surface and the slide surface is determined. The speckled
pattern of the granular slide surface is used to measure the slide surface velocity by
the PIV correlation analysis (Raffel et al. (1998)). The water surface is seeded with
buoyant reflective particles to measure the water surface kinematics during the wave
generation process by cross-correlation based PIV analysis.
3.7.5 Data Acquisition System
The various instruments are acquiring data over different time spans during an exper-
imental trial. Hence four separate acquisition systems record the measured data. The
images recorded by the camera array are stored on a central networked server where
the images from all the cameras are time stamped with the current local time, which
are later converted into the experimental time. The PIV camera is operated through
a stand alone computer, where the images are stored. Likewise, the acoustic array is
also operated through a dedicated computer where the recorded information is stored.
The data from the trigger, the wave gauge array and the cable extender transducers
are stored through a 64 channel 16 bit analog acquisition system. The trigger provides
a reference time stamp for the stringpot and the wave gauge measurements.
3.8 Uncertainty in Measurements
3.8.1 Error Analysis
The uncertainty in experimental measurements ∆, arise due to systematic and random
errors. The actual value xactual is obtained from the experimental measurements as
xactual = xmeasured ±∆ (28)
where x is any measured variable in the experiment and ∆ is the total error in the mea-
surement. Systematic errors may arise due to temporal drifts in the instrumentation
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over long periods of time, errors in calibration of the instrumentation or changes in
the experimental environment. The systematic errors are often unknown and cannot
be removed by averaging a number of experimental trials with the same conditions.
The systematic errors in the present study were assumed to be negligibly small over
the duration of the experimental study. Random errors are inherently unpredictable
and may cause a scatter about the true value of a measured variable. They may arise
due to fluctuations in the instrument measurements, interpretation of the instrumen-
tal reading or environmental interference in the measurement process. These errors
may be estimated based on the measurement methodology. In the present study, the
potential errors remain to be discussed for the following measurements
• wave profile measurements by the wave gauges
• shoreline extraction based on recorded videos.
• landslide shape and velocity measurements from video sequences
• PIV analysis of image sequences
The errors from the camera measurements can be summarized as
εtot = εν + εoptics (29)
where εtot is the total error in the measurement, εν is the random error and εoptics is
the optical imaging error. The random errors arise due to the interrogation technique
in the recorded images, which can be through an algorithm or manual collection of
data points from the image sequences. The optical imaging error arises due to the
recording, image rectification and calibration process. In case of particle tracking
by PIV analysis, additional errors are introduced, εbias and εtrack which is due to
the error in tracking the particle flow. The image distortion errors arise due to the
assumptions of collinearity made in the direct linear transformation method during
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the image rectification process. The images recorded by the camera array in the
experiment have a constant frame rate except for the above water side cam. Hence
the errors in temporal coordinate can be neglected. The images recorded by the above
water side cam are captured and stored on a server over a network which places a
time stamp on each image with a resolution of 1/100th of a second. Based on the
image calibration, the errors in image rectification and spatial measurements made
in the image are summarized in Table 5.
Table 5: Summary of absolute value of errors in the image measurements
Errors AW Cam Runup Cam PIV Cam
Image rectification 1.5 pixel 0.6 pixel 2.2 pixel
εx, εy 1.35 mm 3.3 mm 1.8 mm
εt 5 ms - -
The maximum error for the PIV analysis was estimated based on a combination
of numerical simulations with synthetic images and benchmark cases conducted by
Huang et al. (1997), Raffel et al. (1998) and Westerweel (2000). The absolute maxi-
mum error of the displacement vector in the experiment is found as εtot ≤ 0.02 m/s.
Since the PIV analysis involves an adaptive multi-pass algorithm with window de-
formation, the bias error in vector displacements can be neglected εbias ≈ 0 (Scarano
and Riethmuller (2000)). The landslide granulate matter itself provides the particles
for the landslide velocity flow estimation. Hence the error in particle tracking can
be neglected, εtrack ≈ 0. The random displacement error can be conservatively as-
sumed as ε∆x = 0.1 pixels, allowing the minimum resolvable displacement fluctuation
(Raffel et al. (1998); Scarano and Riethmuller (2000)). The random error in velocity
measurement can be estimated as εv ≤ 0.004 m/s for the constant frame rate of the
recorded image sequence. The random error in velocity measurement changes with
the frame rate on the image sequence and the minimum resolvable pixel in the image.
Additional errors in the PIV measurements may arise due to the out of plane motion
of the landslide mass. As the landslide spreads down the hill slope, the thickness
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of the landslide decreases. The motion of the granular particles is downwards and
outwards with reference to the plane of the hill slope. Over the measured range on
the hill slope, the maximum change in the landslide thickness is approximately 0.15
m. The change in the vertical of the measured landslide surface with reference to the
camera position is approximately 2%. Thus, errors due to out of plane motion of the
granular landslide are neglected and the granular landslide surface is considered as a
planar surface for the PIV analysis.
3.8.2 Uncertainty in landslide measurements
The maximum uncertainty in the experimental measurements of the landslide shape
and velocity can be estimated with the errors estimates of the camera setup shown in
Table 5. The error estimates are based on the camera image calibrations and scaling.
Herein, the uncertainty in the measurements is quantified through the percentage of
the maximum error observed in all the experimental trials. For the purpose of analysis,
the measured quantities and the camera recordings that were used to measure those
quantities are summarized in Table 6. The maximum relative error in the quantities
Table 6: Camera recordings that are used to measure the landslide parameters.
Parameter Camera Absolute Units
Error
Thickness, s AW Cam εx = 1.35 [mm]
εy = 1.35 [mm]
Width, b PIV Cam εx = 1.8 [mm]
εy = 1.8 [mm]
Front PIV Cam εx = 1.8 [mm]
Displacement xs εy = 1.8 [mm]
∆t PIV Cam εt = 0 [s]
dependent on the above parameters does not exceed the sum of the relative individual
errors (Demidovich and Maron (1987)). The error for a product of parameters is
expressed as the sum of individual relative parameters. Hence, the maximum relative
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Based on the absolute error estimates in Tables 5 and 6, the maximum uncertainty
in the non-dimensional landslide parameters is estimated . The maximum uncertainty








in the individual dimensional parameters is estimated among all the measurements
and the maximum is determined. The maximum uncertainty for the landslide front
velocity, thickness and width is estimated as 3%, 2.4% and 0.15% respectively. The
uncertainty in the measurement of the water depth in the tsunami wave basin is
estimated as 1.7%, which is used in the uncertainty estimation of the non-dimensional
parameters in Table 7. Since the landslide parameters are measured as functions of the
propagation distance of the landslide, additional errors may arise in the estimation of
the position of the landslide front from the recorded image sequences. The maximum
uncertainty in the position of the front is estimated to be approximately 1.6% based
on the maximum error in the incremental distance traveled by the landslide.
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3.8.3 Experiment Repeatability
An estimation of accuracy of the test repetition within the experimental parameters
was performed by repeating selected tests. In some experimental trials, the initial
position of the landslide was changed by moving the landslide tsunami generator up
or down the hill slope to change the landslide parameters at the impact. Since the
slide box motion and the resulting landslide dynamics above the water surface before
the impact are independent of the water depth in the wave basin, the experimental
trials for different water depths but with the same pneumatic conditions can be used
to estimate the repeatability in the measurements of the landslide shape and velocity
from the recorded image sequences. The repeatability of the experimental trials for
two different cases with 5 runs and 2 runs is shown in Table 8.
Table 8: Repeatability of the experiments. Measurements shown for two experimen-
tal runs with initial pneumatic pressure P =10, 8 bar. ∆ is the maximum difference
in the experimental trials.
parameter dimension run 1 run 2 run 3 run 4 run 5 ∆ run 1 run 2 ∆
h [m] 0.6 0.58 0.6 0.6 0.59 0.02 0.6 0.6 0
vs [m/s] 5.33 5.33 5.29 5.32 5.28 0.05 4.77 4.8 0.03
s [m] - - 0.215 0.217 0.224 0.009 0.19 0.19 3× 10−4
b [m] 1.886 1.91 1.944 1.961 1.892 0.075 1.59 1.56 0.03
Vs [m
3] 0.756 0.756 0.756 0.756 0.756 0 0.72 0.72 0
3.9 Experimental Methodology
3.9.1 Experimental Procedure
The procedure for an experimental run is summarized below:
• The wave basin is filled with water to the required water depth. The wave
gauges are calibrated during the filling of the wave tank.
• The control parameters of the pneumatic LTG are set with the slide box in the
retracted position.
• The slide box is filled with gravel from a storage bucket using an overhead crane.
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Figure 36: An experimental cycle of physical modeling of tsunamis generated by
granular deformable landslides.
• The data acquisition system and the camera recordings are initiated.
• Then the pneumatic pistons of the landslide tsunami generator are fired.
• The initiation of the slide box motion activates a trigger mechanism that acti-
vates the data acquisition system to record the measurements from the cable
extender transducers and the wave gauges and activates the PIV camera through
the programmable timing unit.
• The slide material is accelerated in the box by means of the pneumatic pistons.
The slide material is launched from the box while the slide box is pneumatically
decelerated. Then the landslide forms a debris avalanche driven only by gravity
and impacts with the water surface generating the tsunami waves.
• After the termination of the landslide and the wave measurements, the multi-
transducer acoustic array surveys the underwater landslide deposit.
• The acoustic array is lowered such that the transducers are below the water
surface and the bridge is steadily moved towards the hill slope to scan the
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landslide deposit. Then the acoustic array is retracted back above the water
surface.
• The granular slide settles mostly on a steel plate with three hinged flaps and is
lifted by means of an overhead crane forming a recovery bucket. The material
is then poured back in the storage bucket.
• Then the experimental parameters are varied and the slide box is filled with
gravel for the next experimental trial.
The experimental cycle is shown in Fig. 36.
3.9.2 Range of non-dimensional parameters
A total of 65 experimental runs were conducted with varying landslide characteristics
at varying water depths. The following parameters were varied over the various
experimental runs.
• Initial landslide volume
• The initial pneumatic pressure of the landslide tsunami generator, varying the
peak slide box velocity and the slide impact velocity
• Varying water depths to study generated wave characteristics in different water
depth regimes.
The experimental parameters varied during the experimental program are shown
in Table. 9.
Table 9: Experimental parameters varied during the program
Parameter Parameter value
Water Depth 0.3 m 0.6 m 0.9 m 1.2 m
Maximum Slide Box Velocity 4.0 m/s 3.23 m/s 2.76 m/s 2.33 m/s
Slide Volume 0.756 m3 0.328 m3
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The dimensional analysis resulted in nine independent and non-dimensional quan-
tities that govern the tsunami wave generation by 3D deformable granular landslides.
During the experimental runs, the landslide density and the hill slope angle are con-
stant and are not included in the analysis. The non-dimensional wave propagation
distance and the directional angle describe the wave propagation characteristics.
(a) (b)
Figure 37: Range of non-dimensional parameters in experiment: (a) landslide
Froude number F = vs/
√
gh dependency on the landslide impact velocity vs and
the water depth h; (b) landslide Froude number F versus the relative landslide vol-
ume V = Vs/h
3
The investigated quantities that govern tsunami wave generation are the landslide
Froude number, the relative landslide thickness, relative landslide width at impact
and the relative landslide volume. The landslide density and hill slope angle are con-
stant during the experiment. The relative propagation distance, angular direction
and relative time define a coordinate system for the landslide motion and wave prop-
agation. The landslide Froude number is defined as F = vs/
√
gh and measures the
landslide velocity vs relative to the speed of shallow water wave propagation
√
gh.
The bandwidth of the landslide Froude number, landslide impact velocities vs and the
water depth h that are investigated during the experimental study are shown in Fig.
37(a). Since F ∝ h−0.5, the effect of change in water depth is relatively weaker when
compared with the effect of the landslide impact velocity. The range of F during the
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experiments roughly spans between 1 and 4. The landslide impact velocity was in
the range 3.8 m/s< vs <6.5 m/s.
(a) (b)
(c)
Figure 38: Range of non-dimensional parameters in experiment: (a) landslide
Froude number F with respect to relative landslide thickness S, (b) relative land-
slide volume V = Vs/h
3 dependency on the relative slide thickness S = s/h and (c)
relative landslide width B = b/h at impact.
To compare with the real world cases, the Lituya Bay case, for example had one
of the highest recorded landslide Froude number of F = 3.2 determined with a water
depth of h = 122 m and a landslide impact velocity of vs = 110 m/s (Fritz et al.
(2001)). While most landslide Froude numbers are in the range 1-3, higher Froude
numbers can be modeled typically in very shallow water, where the generated wave
heights are subject to scale effects. Typical submarine cases have Froude numbers
F < 1. The relative landslide thickness versus the landslide Froude number is shown
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in Fig. 38(a). The relative landslide thickness depends on the water depth, landslide
motion and the drop height of the landslide on the incline which governs the landslide
thickness s. The relative landslide thickness S in the experimental program varies
roughly between 0.08 < S < 0.85. The effect of relative landslide thickness weakens
for S > 0.6 according to the block studies made by Kamphuis and Bowering (1970).
The relative landslide volume versus the relative landslide thickness and the relative
landslide width are shown in Figs. 38(b) and 38(c) respectively. The relative landslide
volumes are in the range 0.25 < V < 28. The relative landslide thickness varied from
0.08 < S < 0.85 and the relative landslide width at the impact are in the range





Tsunami wave generation by landslides is a complex phenomenon with the granulate
material, water and air interacting with each other during the impact and wave
generation process. Landslide studies are a challenging problem due to their complex
dynamics and varying material composition from the initial landslide position on a
mountain slope to the eventual submarine deposit. The study of historic landslide
events provides a general understanding of the landslide behavior. The field case
studies complemented with experimental studies provide a deeper understanding of
the landslide characteristics and the general landslide dynamics. In this chapter, the
granular landslide motion is studied as source characteristics for tsunami generation.
The granular landslide motion is analyzed with reference to shape and kinematics
to understand the wave generation process and the energy exchange between the
landslide mass and the water body. The granular landslides are deployed using a
novel pneumatic landslide tsunami generator in the three-dimensional tsunami wave
basin. The landslides are modeled with naturally rounded river gravel with landslide
volumes of 0.756 and 0.378 m3. The landslide motion by the pneumatic landslide
generator consists of 4 distinct phases.
1. Initial solid block motion when the granular material is in the LTG box.
2. The granular landslide collapse from the box and the subsequent gravity driven
subaerial landslide motion on the ramp.
3. Landslide impact with the water surface and,
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4. The subaqueous runout of the landslide mass.
The granular landslide is continuously monitored during these three phases to
measure the landslide shape and kinematics. The landslide measurements are per-
formed using an array of above water and underwater cameras, a high resolution PIV
camera and a Multi-Transducer Acoustic Array (MTA). The description of the in-
strumentation and their deployment can be found in Chapter 3. The image sequences
recorded during the experimental trials are used to measure the shape and motion of
the landslide as the granular material launches from the slide box, accelerates down
the hill slope, impacts the water surface and travels underwater. The acoustic array
measurements provide the shape and runout distance of the landslide deposit. This
chapter gives an overview of the granular landslide measurements in the experimental
study.
4.2 Granular Landslide Description
4.2.1 Landslide Shape
The landslide shape is measured from the image sequences recorded by the above
water side camera on the hill slope. The recorded images are calibrated by means of
calibration boards. The model for calibrating and dewarping the images is based on
a pin hole mapping model. The pin hole model was chosen since the calibration plate
does not need to fill the entire field of view of the camera lens and the calibration
can be extrapolated over the entire field of view. This model is based on the theorem
of intersecting lines. The calibration parameters in the pin hole model accounts for
translation lengths from the camera to the calibration plates and the rotational angle
at which the cameras see the calibration plate (Hartley and Zissermann (2000)).
During the calibration process, the images are corrected for barrel distortions and
the scale factor relating the image pixels to the wave basin coordinates are obtained.




Figure 39: (a) Raw image of the calibration board, (b) calibrated and scaled image.
The plane of the calibration board coincides with the plane of symmetry passing
through the centerline of the landslide mass and the slide box. The base of the
calibration board shown in Fig. 39(b) is used as the datum for measuring the landslide
thickness on the hill slope. The intersection of the axis of symmetry with the shoreline
is taken as reference for transforming the image coordinate system on to the hill slope
coordinate system.
The image sequence recorded by the above-water side camera on the hill slope is
shown in Fig. 40. The landslide motion is shown for two experimental trials with
landslide mass ms = 1350, 675 kg and volume Vs = 0.756, 0.378 m
3. The peak slide
box velocity is vb = 3.8 and 4.0 m/s due to the effect of the varying landslide mass
during the initial acceleration phase. The landslide mass in both cases maintains the
shape of the landslide box during the initial phase of the landslide tsunami generator
box acceleration. At approximately the location of the peak box velocity, the landslide





Figure 40: Image sequence on the hill slope for slide mass ms of (a) 1350 kg and
(b) 675 kg. t = 0 corresponds to the time of impact.
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The landslide shape is measured at uniform cross-sections across the hill slope,
shown in Fig. 41, above the water surface from the sequence of the recorded images.
The number of sections where the shape is measured varies through the experimental
trials and depends on the depth of the water in the TWB and the extent of the
above-water hill slope area available in the image frame. A sample measurement is
shown in Fig. 41 for h = 0.6 m, ms = 1350 kg and vb = 3.9 m/s.
(a) (b)
(c) (d)
Figure 41: Above-water camera images shown with collected data points at t = (a)
−0.15 s, (b) 0.05 s, (c) 0.19 s and (d) 0.52 s. t = 0 corresponds to time of landslide
impact at water surface.
The thickness measurements are made for all the experimental trials with vary-
ing water depths, landslide mass and pneumatic slide acceleration. The measured
data from different experimental trials with the same landslide mass and pneumatic
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landslide tsunami generator pressure characteristics are combined together by trans-
forming the coordinate system to the static slide box coordinate system. This is
possible since the slide box motion is independent of the water depth.
(a) (b)
(c) (d)
Figure 42: Landslide shape evolution along the hill slope, s(xs, t) for landslide mass
ms = 1350 kg, volume Vs = 0.756 m
3 shown for the pneumatic acceleration cases
corresponding to landslide box velocity vb of (a) 3.7 m/s, (b) 3.2 m/s, (c) 2.8 m/s,
and (d) 2.3 m/s.
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The landslide profile is obtained as a function of time and space above the water
surface. The evolution of the measured landslide shape in space and time is shown in
Fig. 42 for landslide mass ms = 1350 kg and landslide release velocity vb = 3.7, 3.2,
2.8 and 2.3 m/s. The direction of the landslide motion is along the xs-axis on the
ramp. These measurements are obtained for the cases where the water depth is at
h = 0.6 m. Along the xs-axis, xs = 0 correspond to the initial static position of the
landslide tsunami generator box. At the specified water depth, the shoreline position
on the ramp is at xs = 3.356 m. The time of the landslide motion is shown on the
y-axis in the figure. The time axis is referenced to the time of landslide impact with
the water surface (t = 0). The landslide shape s(xs, t) is shown on the z-axis of the
figure. The initial landslide thickness at rest position is equal to the landslide tsunami
generator box thickness, 0.3 m. The landslide profile has a characteristic shape of a
relatively steep face leading to a peak thickness and a gradual decay in the thickness
towards the tail of the landslide. As the landslide propagates down the hill slope, the
unconfined spreading of the landslide in the longitudinal and lateral direction results
in a decay in the peak of the landslide profile in the down slope direction along with
a decrease in the steepness of the landslide front. Simultaneously, the peak of the
profile shifts forward in time and the extent to which the bulk mass spreads increases
down the hill slope, as seen in Figs. 42 and 43.
The evolution of the landslide shape along the hill slope in space and time for
landslide mass, ms = 675 kg is shown in Fig. 43. The landslide profile shape in
the case of half the original volume, shown in Fig. 42 is similar to the characteristic
shape seen in Fig. 43. The effect of the landslide mass can be seen in the variations in
the decay rate of the profile peak and the rate of spreading of the granular landslide
mass. For the same distances and time traveled, the lower landslide volume has
a decreased profile peak and extent of the bulk landslide material. The extent of
landslide spreading also depends on the mass flux of the granular material. Comparing
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the landslide profiles in Figs. 42(a) and 43(a), the reduction in the granular source
material for the landslide collapse results in a compact landslide profile. This behavior
can be seen across all the pneumatic acceleration cases. For the cases with the same
amount of the granular landslide material, a decrease in pneumatic acceleration results
in lower rates of mass and momentum flux of the landslide along the hill slope. Thus
as the initial acceleration of the landslide mass decreases, the profile peak decreases
at the same location and time.
(a) (b)
(c) (d)
Figure 43: Landslide shape evolution along the hill slope, s(xs, t) for landslide mass
ms = 675 kg, volume Vs = 0.378 m
3 shown for the pneumatic acceleration cases
corresponding to landslide box velocity vb of (a) 4.0 m/s, (b) 3.2 m/s, (c) 2.7 m/s,
and (d) 2.2 m/s.
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The maximum landslide thickness is obtained from the measured landslide shape,
s(xs, t), across the sections on the hill slope. The combination of the data from
various experimental trials gives the evolution of the maximum landslide thickness
across the hill slope above the water surface and gives the maximum slide thickness
at impact for the various experimental trials. The maximum landslide thickness
at impact is instrumental in predicting the characteristics of the generated tsunami
waves as shown in Chapter 3. The evolution of the maximum landslide thickness for
the total eight combinations of landslide launch velocity and mass is shown in Fig.
44. The coordinate system is independent of the water depth and is referenced to
the static initial position of the landslide tsunami generator box, xs = 0. Depending
on the water depth of a particular experimental trial, the maximum slide thickness
at any location on the hill slope in the measured range can be obtained and used in
parameterizing the tsunami wave characteristics in terms of the landslide thickness
as source characteristics.
(a) (b)
Figure 44: Maximum landslide thickness, sm, shown as a function of xs on the hill
slope for landslide mass ms = (a) 1350 kg and (b) 675 kg.
The initial maximum landslide thickness is 0.3 m. The collapse of the granular
material from this initial box shape varies with the mass of the landslide and the
initial pneumatic acceleration. The location of the collapse is further down the slope
with increasing pneumatic accelerations and landslide mass. At high speeds, the
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granular material transformation is less per distance traveled. After the collapse, the
rate of decay of the landslide profile depends on the extent of the landslide spreading,
which is controlled by the rates of mass and momentum flux of the granular material
in the direction of motion. Hence, lower volumes of the granular material tends to a
rapid spreading and a higher decay rate of the landslide profile.
4.2.2 Landslide Width
The collapse of the granular landslide from the box is followed by the unconfined
landslide motion under the influence of inertia and gravity. On plane hill slopes, such
as in the present experiment, the downward motion of the landslide is accompanied
by an unconfined lateral spreading of the landslide. The lateral width of the landslide
has an influence on the width of the water displacement area or crater at the impact
of the granular landslide on the water surface. The width also determines the rate of
mass, momentum and energy flux of the landslide, while the rate of lateral spreading
effects the speed and shape of the landslide, which is a direct consequence of the mass
conservation principles. The width of the landslide affects the radial spreading of the
generated tsunami wave and influences the radial decay function of the tsunami wave
amplitudes, as shown in the non-dimensional analysis of the experimental parameters
in Chapter 3. Hence it is important to quantify the lateral landslide spreading in
terms of the evolution of the landslide width in space and time.
The landslide width is measured from the image sequence recorded by the PIV
camera. A combination of time stacking and image filtering is applied to segment the
image and extract the granular landslide intensities from the hill slope background.
The segmentation methodology is shown in Fig. 45. The intensity of the image
sequence is initially subtracted from the original background image. This results in





Figure 45: Image segmentation algorithm: (a) image time stacking, (b) filtering the
time stacked image, (c) grayscale to binary conversion and (d) time stacked image
with extracted edge.
A series of rows at a fixed location from the image sequence are time stacked to
create an image where the rows represent the time coordinate (Fig. 45(a)). The time
stacked image is filtered using a disc filter with radius 30 pixels to equalize the image
intensities in the granular region and sharpen the areas of high intensity gradients
(Fig. 45(b)). This is followed by converting the image from grayscale intensities to a
binary image by applying a threshold to the grayscale intensities of the time stacked
image (Fig. 45(c)). From the binary image, the edge of the landslide area is extracted
(white line shown in Fig. 45(d)). The difference between the edges in the longitudinal
direction leads to the width of the landslide. This gives the width of the landslide as
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a function of time at the specified locations along the hill slope.
The automated time stacking technique works for cases where the recorded images
have low noise levels in the background or in cases where the landslide moves relatively
fast. In a few cases, due to the effects of ambient lights, the static background was
inseparable from the landslide mass. Hence, in those cases, a stronger filter was
required to suppress the background noise and highlight the landslide material. This
technique is limited to the cases where the extracted landslide width is calibrated
with the images, and the maximum landslide width compared with the maximum
width measured manually from the maximum extent cases.
The maximum extent of the landslide spreading is measured by using the same
series of images. The maximum width of the landslide with xs on the ramp is measured
from the mean of the image sequence. The mean image is such that the areas of the
ramp with no granular mass remains unchanged. Then the mean intensity of the
granular mass is identified in the mean image and is separated from the background
intensities of the hill slope. This leads to the maximum extent of the landslide spread.
The image showing the mean of the image sequence intensities is shown in Fig. 46.
By averaging the intensities of the image sequence, any effects relating to ambient
light, noise in the image background, detached spread of the granular material and
high intensities of the splash near the water line are eliminated.
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Figure 46: Image showing the mean intensities of the image sequence for ms=1350
kg and vb = 3.7 m/s.
The measured landslide width behavior is found to be very similar across the range
of the conducted experimental trials. Within the experimental range, relatively minor
variations are observed in the evolution of the maximum landslide width on the ramp.
The landslide width measured from the automated image segmentation technique for
the experimental trial with landslide mass ms = 1350 kg, water depth h = 0.6 m and
landslide release velocity vb = 3.7 m/s is shown in Fig. 47.
After the granular landslide exits the box, it spreads rapidly to reach the maximum
width. At this point the main tsunamigenic bulk of the landslide mass travels down
the hill slope and impacts the water surface. After the landslide width reaches its
maximum, the width gradually decreases until all of the granular material exits the
box and travels down the ramp. Figure 47(a) shows the measured landslide width as
a function of time at five different locations across the hill slope. For reference, the
water line in this case is at xs = 3.365 m. Across the different sections, the behavior
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(a) (b)
Figure 47: Measured landslide width b(xs, t) at ms = 1350 kg, h = 0.6 m, vb = 3.7
m/s, (a) along hill slope xs as function of time and (b) at different times as function
of xs, distance traveled on the hill slope.
of b(x, t) is similar. The rate at which the landslide collapses to reach the maximum
width is approximately the same at the shown locations. However, the maximum
width that the landslide spreads to, differs, depending on the distance traveled by
the landslide on the hill slope. The rate of decay of the width, post peak, is also
similar across the sections. The maximum landslide width gradually increases along
the hill slope, as shown in Fig. 47(b). The landslide width is shown at different times
as a function of the hill slope coordinate, xs. The maximum width is shown as a
smoothed thick line in the figure (The width of the box is 1.2 m).
By using the averaging technique to obtain the maximum extent of the landslide
spreading, the maximum landslide width along the hill slope for all the experimental
trials were obtained. By combining experimental data collected from the experimental
trials with identical pneumatic landslide tsunami generator conditions, the entire
spread of the evolution of the maximum width was obtained. The maximum measured
landslide extent is shown in Fig. 48.
4.3 Granular Landslide Motion
The studies of historic landslide events in field cases have led to the observation that
landslides behave in a near fluid like manner with high mobility and long runouts
(Heim (1932), Hsü (1975), Shreve (1966) and Shreve (1968)). The high fluidity has
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Figure 48: Edge of granular landslide spreading along the hill slope. xs = 3.365 m
correspond to the water line. The hollow symbols indicate experimental trials with
slide mass ms = 1350 kg and filled symbols, ms = 675 kg.
been explained by several hypotheses such as upward flow of air, hovercraft action,
generation of high pressure steam, lubrication by molten rock and formation of a
thin rapidly shearing layer of fluctuating particles (Erismann (1986), Goguel (1978),
Hsü (1975), Kent (1966), Shreve (1968)). The essence of all these hypotheses is the
presence of a thin layer close to the basal surface upon which the landslide material
slides under the influence of gravity and inertia. Melosh (1986) suggested the presence
of a thin basal layer close to the sliding surface where all the shearing takes place.
Hence the depth-averaged streamwise velocity is close to the actual velocity measured
everywhere across the depth of the landslide except in the basal layer.
The kinematics of the granular landslide motion are quantified by measuring the
velocity distribution on the visible surface of the granular landslide and the velocity
of the front of the landslide. The knowledge of the surface velocity distribution will
enable computation of mass and momentum flux of the granular landslide on the
hill slope, when the landslide shape distributions are known. The surface velocity
measured by the PIV analysis may be considered as the depth averaged streamwise
velocity of the granular landslide mass. Ideally, the landslide centroid velocity is used
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to describe the nature of the bulk motion of the landslide mass. However, due to the
large volume and the unconfined three dimensional spreading of the granular mate-
rial in the experimental trials, it was not possible to measure the landslide centroid
velocities exactly. As an alternative, the landslide front velocity was measured and
it was shown in Chapter 3 to be one of the parameters that effect the tsunami wave
generation and wave height.
The Particle Image Velocimetry (PIV) setup is used to measure the granular land-
slide surface velocity distribution during the experimental process above the water
surface on the hill slope. The unsteady landslide-water body coupled flow compli-
cated the image analysis and the vector field calculation. The landslide flow field is
isolated from the hill slope background image and the fluid phase with digital masks
(Roth et al. (1999), Lindken and Merzkirch (2000)). The masking is done to avoid
biased correlation signals caused by total reflections and light scattering of floating
seeding particles and air bubbles during the impact. The cross-correlation analysis is
conducted using a commercial analysis software (LaVision, DaVis PIV package). The
advanced digital interrogation method successfully combines several techniques: dig-
ital PIV (Willert and Gharib (1991)), cross-correlation analysis (Keane and Adrian
(1992)), discrete window offset (Westerweel et al. (1997)), fractional window offset
(Scarano and Riethmuller (2000)), iterative multi-grid processing with window refine-
ment (Hart (1998); Scarano and Riethmuller (1999)) and window distortion (Huang
et al. (1993a), Huang et al. (1993b); Fincham and Delerce (2000)). The adaptive
multi-pass algorithm initially calculates a reference vector field from the double image
input. A standard cross-correlation interrogation is then performed with a relatively







Figure 49: PIV velocity vectors sequence for ms = 1350 kg, h = 0.6 m and landslide
release velocity vb = 3.7 m/s. 103
The calculated velocity vector field serves as initial displacement for the multi-pass
cross-correlation algorithm to predict the velocity for the next iteration. This velocity
prediction determines the window shift for the next higher resolution level with a
refined interrogation window size. The iteration is repeated until the final window size
(32X32 pixels) is reached. The PIV based correlation analysis is performed on image
sequences recorded for the four different pneumatic acceleration cases for the landslide
mass of ms = 1350 kg. The analysis is limited to the cases where the image recordings
yielded adequate speckled patterns on the surface of the granular landslide. This was
essential to perform an accurate spatial correlation analysis and identify the peaks in
the correlation plane. In some cases, external lights and unavoidable light reflections
caused interference with the granular surface. This resulted in noise contamination
over the speckled pattern and poor correlation during the PIV analysis. The measured
PIV velocity sequence for the experimental trial with slide mass ms = 1350 kg, water
depth h = 0.6 m and landslide release velocity vb = 3.7 m/s. is shown in Fig. 49.
The velocity magnitude distribution across the landslide width is extracted across
hill slope sections from the PIV velocity distribution shown in Fig. 49. The velocity
distributions across sections at xs = 2.5 and 3.0 m are shown in Fig. 50 at different
times as the landslide propagates down the hill slope and impacts the water surface.
The time of motion has been adjusted such that t = 0 corresponds to the time of
landslide impact with the water surface.
The velocity magnitude is non-zero over the landslide surface and zero everywhere
as seen in the figure. This is a result of using digital masks to isolate the granular
material from the background. The velocity magnitude profile may be related to the
landslide shape profile with the assumption of Melosh (1986). Since the bulk of the
granular mass is present in the central region of the landslide, the velocity tends to
be higher there and decreases steadily towards the edge of the landslide. Then the
velocity instantly drops to zero in the masked region where any granular mass is
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(a) (b)
Figure 50: Streamwise velcoity distribution across the landslide width at xs = (a)
2.5 m and (b) 3.0 m.
absent. The velocity tends to be uniform across the landslide width except close to
the edge where a decrease in the thickness of the granular material towards the end
leads to reduced velocity of the landslide motion. From the inception of the landslide
motion, the velocity magnitude tends to increase towards a peak velocity until the
time where the bulk tsunamigenic mass travels down the hill at a particular section,
and then the velocity gradually decreases until the landslide motion comes to rest.
The landslide velocity increases down the hill slope due to the build up of momentum
as the landslide travels down the hill slope.
The initial acceleration of the landslide block and the location of the block collapse
and transformation into a granular landslide affects the landslide shape distribution,
mass, momentum and energy flux rates as the landslide propagates over the hill
slope. This consequently affects the characteristics of the generated tsunami waves.
The velocity distribution on the landslide surface is shown in Fig. 51 for ms = 1350
kg, for landslide release velocities vb = 3.7, 3.2, 2.8 and 2.3 m/s. For these four cases,





Figure 51: Landslide surface velocity distribution at impact, ms = 1350 kg, landslide
release velocity, vb = (a) 3.7 m/s, (b) 3.2 m/s, (c) 2.8 m/s and (d) 2.3 m/s.
The granular material experiences positive streamwise velocity gradients as the
landslide gradually accelerates down the hill slope. These velocity gradients influence
the rate of material spreading down the hill slope. The low acceleration of the case
seen in Fig. 51(a) leads to a larger spread down the hill slope with low impact velocity
at the water surface. The large spread and low velocity of the front results in small
slide thickness from continuity principles, which can also be seen in Fig. 44(a). As the
landslide front velocity increases, depending on the initial accelerations, at the same
location, the lateral front spread decreases and the front velocity increases which leads
to an increase in the slide thickness at impact. The changes in velocity and lateral
spread from the initial acceleration can also be seen in Fig. 52 at xs = 2.5 and 3.2 m.
The above observations are also seen in the Savage-Hutter avalanche model for
granular flows (Savage and Hutter (1989), Savage and Hutter (1991)). The positive
streamwise gradients cause the landslide mass to experience passive earth pressure
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(a) (b)
Figure 52: PIV velocity distribution across the landslide width shown for 4 pneu-
matic LTG cases at xs = (a) 2.5 m and (b) 3.2 m, where impact is at xs=3.356
m.
coefficients. In this state, the landslide material undergoes elongation parallel to the
slope bed which leads to unconfined lateral and longitudinal spreading of the granular
material. However, the rate at which the material spreads depends on the velocity
gradients that develop in the landslide mass as it accelerates down the hill slope.
The landslide front velocity is measured from the combined images of the above
water side camera and the PIV camera. The measured data from different experi-
mental trials with the same landslide release velocities, produced by the same initial
pneumatic accelerations and landslide mass, are combined to obtain a complete evo-
lution of the slide velocity from rest to impact The granular material exits from the
box during the beginning of the pneumatic deceleration phase. The slide transforma-
tion from solid block motion to granular motion approximately occurs at the peak
velocity position of the slide box. Until this location, the granular slide front velocity
is the slide box velocity which is measured from the stringpot data. The landslide
release velocity is taken as the maximum landslide box velocity. After this, the mea-
surements from the images provide the landslide front velocity until the impact at
the shoreline. The measured landslide velocity from rest to impact for all the control
conditions of the pneumatic landslide tsunami generator is shown in Fig. 53.
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(a) (b)
Figure 53: Landslide front velocity as function of propagation distance on the hill
slope shown for landslide mass ms = (a) 1350 kg and (b) 675 kg.
The landslide front velocity obtained from the PIV measurements for the exper-
imental cases of ms = 1350 kg are shown as hollow symbols in Fig. 53(a). The
front velocity extracted from the PIV velocity vectors match with the measured front
velocity from the image sequences with a 3% deviation between the two methods.
The measured landslide front velocity was found to depend on the landslide mass and
volume, the landslide release velocity and the location of the release of the granular
material into a gravity driven landslide, for the same granular material and hill slope.
The release velocity for landslide volume of 0.756 m3 ranged from 2.3 m/s to 3.7
m/s and for volume of 0.378 m3, it ranged from 2.2 m/s to 4.0 m/s. This variation
results in a range of landslide front velocity depending on the distance traveled by
the landslide. For example, in an experimental trial at a water depth of 0.6 m, the
water surface in terms of the hill slope coordinates rests at xs = 3.357 m. At this
location the landslide front velocity varies from 4.6 m/s to 6.1 m/s across all the
pneumatic cases and for a drop height of 1.6 m. The corresponding landslide front
Froude number, F = vs/(gh)
1/2 varies from 1− 4. Depending on the depth of water
and the location of the water surface, the landslide front velocity can be extracted
from Fig. 53 for all the pneumatic cases in the study. The measured landslide front
velocity serves as one of the parameters that influence the tsunami wave generation
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and the tsunami wave amplitudes.
4.4 Landslide Deposits
The landslide deposits are measured at the end of each experimental trial to pro-
vide an understanding of the landslide dynamics after the impact under water. The
underwater measurements aim at developing an understanding on the shape of the
landslide deposits and how the runout of the granular landslide is affected by the intial
landslide acceleration, velocity of impact at water surface, depth of water and the wa-
ter medium. The landslide deposits were measured with a multi-transducer acoustic
array (MTA) mounted on the bridge in the tsunami wave basin. After the wave gauge
measurements were made, the acoustic array mounted on the bridge is lowered under
the water surface so as to wet the transducers. Then the bridge was gently moved
towards the hill slope so that the acoustic array sweeps over the landslide deposit.
The further working principle of the acoustic array is provided in Chapter 3.
Figure 54: Coordinate axis description for the MTA measurements.
The coordinate system for the acoustic array measurements is shown in Fig. 54.
The origin of the coordinate system is the intersection of the mid-longitudinal line of
the tsunami wave basin with the bottom of the hill slope on the wave basin. The xd-
axis is positive away from the hill slope, the zd-axis is zero on the wave basin bottom
109
and positive in the upwards direction from the wave basin bottom. The yd-axis is
centered on the mid point of the acoustic array.
While the acoustic array measures 2.56 m, the maximum width of the landslide de-
posits exceeds the width of the multi-transducer acoustic array mount. The acoustic
transducers have to be constantly under water for the measurements to be possible.
Hence this limits the longitudinal extent of the acoustic array operation. This re-
sults in the discontinuous data on the lateral edges and tail of the landslide deposit.
The pneumatic landslide tsunami generator aids the landslide granular material in
reaching high accelerations over short distances on the hill slope. After the land-
slide material exits the box and accelerates down the hill slope, it spreads rapidly in
the longitudinal and the transverse direction. The landslide impacts with the water
surface and deforms. As the landslide reaches the runout zone under water, it deceler-
ates rapidly due to a combination of energy conversion into tsunami waves, frictional
resistance by the water body, basal friction and the reduction of the gravitational
acceleration component in the runout zone. The granular landslide spreads laterally
in the runout zone into a characteristic shape, where the tail of the landslide reduces






Figure 55: Measured landslide deposit at h = 0.6 m for slide box velocity vb = (a)
3.7 m/s, (b) 3.2 m/s and (c) 2.8 m/s.
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The measured underwater landslide deposits are shown in Fig. 55. The cases
shown are at a water depth of h = 0.6 m, ms = 1350 and 675 kg and different
pneumatic landslide tsunami generator acceleration cases. The runout distance of
the landslide in the shown figures are 1.54 m, 1.35 m and 1.26 m from the origin at
the base of the hill slope. The thickness of landslide deposit gradually increases from
the tail of the landslide on the hill slope until it reaches the flat bottom of the wave
basin. The sharp transition between the hill slope and the flat bottom acts to rapidly
decelerate the landslide. This leads to a pileup of the granular material following the
transition point. The thickness of the landslide deposit increases momentarily at this
pileup and then rapidly decreases to meet wave basin bottom at the runout point.
The initial acceleration of the landslide mass, the volume of the landslide, velocity at
impact and the water depth influence the location of the granular mass pileup and
the runout distance of the landslide.
The increasing depths of the water body and decreasing impact velocities lead to
the location of the pileup to move closer to the transition of the hill slope to the wave
basin bottom. Across all the experimental trials, the landslide deposit measured by
the acoustic array have similar shape distribution but with varying runout distances
and location of the granular pileup. The profile of the landslide deposit is shown in
Fig. 56 at water depths of h = 0.6, 0.9 and 1.2 m. The experimental cases of ms =
1350 and 675 kg are shown in the figure. The profile is similar across the measured
experimental trials and the general variations of the thickness of the landslide deposit,
runout distance and the location of the granular mass pileup with respect to the depth
of the water column, mass of the landslide and landslide velocity at impact can be
seen in Fig. 56.
The effect of water depth on the landslide deposit is shown in Fig. 57 for a
landslide mass of ms = 1350 kg and landslide release velocity vb = 3.7 m/s. In these





Figure 56: Profile shapes of underwater granular landslide deposits shown at water
depths, h = (a) 0.6 m, (b) 0.9 m and (c) 1.2 m.
landslide is in the submarine regime for a longer duration of time compared with the
low water depth cases. This leads to a decrease in the runout distance and location
of the granular mass pileup as the water depth increases with reference to the wave
basin bottom coordinate system shown in Fig. 54. The underwater runout distances
are measured from the shoreline along the basal sliding surface of the hill slope. The
underwater runout distances for the same landslide mass and release velocity above
the water surface increases with increasing depth of submergence. The profile shape
shown in Fig. 57(d) shows the shape similarity of the landslide deposits for the same






Figure 57: Underwater granular landslide deposits shown at water depths, h = (a)
0.6 m, (b) 0.9 m and (c) 1.2 m. (d) Underwater landslide profiles along the symmetry
axis (centerline) with varying water depths.
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On the hill slope, the shape of the deposit and the thickness distribution is similar
across the three water depth cases. However, after the transition between the hill
slope and the wave basin bottom occurs, the shape is different as can be seen.
4.5 Summary
The measurements of the granular landslide shape and motion are performed in such
a way so as to facilitate their use as the source characteristics in tsunami generation
by landslides. The specific measurements were made relating to landslide thickness,
width, velocity at impact, velocity distribution on the landslide surface and the shape
of the underwater landslide deposits. Some of the described variables are shown to be
important parameters which influence the tsunami wave generation. The measure-
ments further provide an understanding on the landslide dynamics above the water
surface and the transition from the subaqueous to submarine regime.
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CHAPTER V
LANDSLIDE GENERATED TSUNAMI WAVES
5.1 Introduction
Tsunami wave generation by subaerial landslides may be characterized by some or all
of the following phenomenon:
• landslide motion on the hill slope, pre-impact,
• impact of landslide with the water body,
• formation of an impact crater,
• generation of leading tsunami wave,
• collapse of the impact crater,
• lateral wave runup and rundown on the hill slope
• formation of the trailing waves of the tsunami wave train, and
• wave propagation away from the landslide source.
The unsteady, complex phase mixing of the granular material, air and water com-
plicates the understanding of the landslide tsunami generation process. An analysis
of the kinematics and deformation of granular landslides during the impact with the
water body can be found in Chapter 4. Henceforth, this section summarizes the
tsunami wave generation in the impact region, wave propagation away from the land-
slide source and the empirical equations that are helpful in predicting the landslide
generated tsunami wave properties for hazard assessment.
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The tsunami wave measurements are characterized by the parameters shown in
Chapter 2. The tsunami waves are measured as the variation of the water surface
from the mean undisturbed position, using an array of resistance wave gauges. A total
of 25 wave gauges are used in the tsunami wave basin to measure the water surface
elevation. Of these, 21 wave gauges are placed in radial and angular directions, while
4 wave gauges are placed on the surface of the hill slope to measure the runup wave
profiles. The arrangement of the wave gauges in the tsunami wave basin is shown in
Fig. 35. The wave gauges, WG1−WG11 and WG22−WG25 are at fixed locations
relative to the wave basin coordinate system. WG12 − WG21 are mounted on a
bridge parallel to the hill slope which can be moved towards or away from the hill
slope, depending on the depth of the water body. The bridge is placed sufficiently
close to the impact region in order to measure the near field wave surface elevation
during the wave generation without causing any intrusive effects in the impact region.
The relative positions of the wave gauges, r/h, vary with varying water depths in the
wave basin. In the present study, the ranges that have been considered are 4 − 80
for the relative propagation distance r/h and 0◦ − 90◦ for the propagation direction
θ relative to the landslide motion. The relatively large spread of the wave gauge
locations makes it possible to study the near field characteristics of the generated
wave and the wave propagation away from the landslide source.
5.2 Tsunami Wave Generation by Granular Landslides
Tsunamis are generated by landslide by a rapid or an impulsive transfer of momentum
from the landslide mass to the water body during the impact and subaqueous runout.
The landslide impact acts as a wave generation mechanism while the tsunami is the
impulsive response to the landslide or wave generator. The net forces acting on the
landslide and water phases during this process are different from each other. While
the landslide experiences inertial and gravitational forces, the water body experiences
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inertial forces due to water displacement, the pressure drag or form drag and the
viscous drag. The amount of energy that is transferred to the water body from the
landslide determines the net potential and kinetic energy of the generated waves.
Only a part of the landslide energy is transferred to the water body during the
wave generation process. Landslide energy losses occur during the motion through
internal deformation and bed friction losses between the landslide mass and the hill
slope surface and at the bottom of the wave basin. Further energy is lost when the
landslide is deflected at the bottom of the wave basin as the landslide mass moves
across the abrupt slope sliding surface transition from the hill slope to the wave basin
bottom. The landslide runout across the slope change causes the landslide mass to
deform resulting in a bulge in the landslide deposit. The displacement of the water
body during the impact can lead to a depression or an elevation of the free surface.
The water surface displacement corresponds to the potential energy of the water body
while the net kinetic energy of the water body is composed of the generated water
particles velocity distribution.
The water surface displacement during the landslide impact with the water body
may be characterized by an unseparated flow field or a separated flow field (Fritz
et al. (2003a)). In 2D, the occurrence of a separated or unseparated flow field was
found to primarily depend on the landslide Froude number F and the relative land-
slide thickness S at impact. A separated flow field may result in the formation of
hydrodynamic impact craters. In the scenario of landslide generated tsunamis, im-
pact craters are formed when flow separation occurs during the landslide impact at
the interface between the penetrating landslide and the water surface. The flow sep-
aration for landslide impacts on water surfaces can be defined as the occurrence of
the detachment of the water body on the back of the landslide (Fritz et al. (2003a),
Fritz et al. (2003b)).
In the present 3D study, flow fields during the landslide impact with the water
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surface are relatively more complex. In the present range of the experimental study,
the landslide impact at the water surface is observed to be free of impact crater
formations. The sequence of the landslide impact and the wave generation is shown
in Figs. 58 and 59. The moment of the impact of the landslide front with the water
surface is shown in Fig. 58(a). The initial impact of the landslide on the water
surface transfers a portion of the landslide kinetic energy into the water body. The
impact results in the displacement of water around the impact region which moves
primarily in the direction of the landslide motion and laterally around the landslide
front as seen in Fig. 58(b). The dark arrows in the figure portray the direction of
the water displacement and subsequent motion. The displaced water moves upward
and outward away from the landslide source. The initial water displacement which is
strongly directional, develops into a radial wave front owing to the propagation away
from the source as seen in Figs. 58(d) and 59(a).
The drawdown of water during the impact results in the corresponding wave
trough of the leading wave front. The water surface drawdown occurs until it reaches
its maximum extent in Fig. 58(c). At this point, the restoring gravitational forces
tend to drive the fluid back to its undisturbed state. Owing to the direction of the
landslide motion and momentum transfer into the water body, the restoring forces
are dominated in the transverse direction compared with the longitudinal direction.
The water surface restores to the undisturbed state in the transverse direction (Fig.
58(d)) which is followed by the longitudinal direction (Fig. 59(a)). The water sur-
face restoration and the subsequent uprush of water leads to the formation of the
wave crest of the second radial wave front as seen in Fig. 59(a). The direction of
the water particle motion during the surface restoration the water to runup the hill
slope as seen in Figs. 59(b) and 59(c). By mass conservation principle, this results
in the formation of a depression on the water surface which develops into the trough




Figure 58: Water displacement by landslide impact on the water surface for landslide
Froude number F = 1.4, relative landslide thickness S = 0.23, relative landslide
volume V = 0.44 at water depth h = 1.2 m: (a) time of initial impact of landslide
front with water surface, (b), (c) impact crater formation by water displacement and
(d) initiation of crater collapse. The image sequence is recorded at a frame rate




Figure 59: Water displacement by landslide impact on the water surface for landslide
Froude number F = 1.4, relative landslide thickness S = 0.23, relative landslide
volume V = 0.44 at water depth h = 1.2 m: (a) impact crater collapse and radial
wave propagation, (b), impact crater collapse and generation of 1st trailing wave (c)
backward wave runup on the hill slope post collapse and (d) end of crater collapse.
The image sequence is recorded at a frame rate ∆t = 1/15 s.
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the flow field consists of multiple oscillating water surface elevations and depressions
corresponding with shoreline drawdown and runup on the hill slope which results in
the trailing waves formation of the wave train after the first two primary waves. The
lateral wave generation on the hill slope is analogous to the outward wave formation.
The formation of the leading lateral wave as an edge wave on the hill slope coin-
cides with the formation and propagation of the leading wave front. The displacement
of water in the transverse direction results in the leading runup wave formation as
seen in Figs. 58(b) and 58(c). The runup wave oscillations are forced by the crater
dynamics in the impact region. The size of the crater was observed to vary with the
landslide velocity and shape at impact. The maximum extent of the water surface
drawdown at the impact almost never exceeded the maximum width of the landslide
at impact. The longitudinal length and the depression of the water surface at impact
was observed to vary with the impact velocity and thickness at the impact. This
variation occurs since the impact velocity along with the slide thickness and width
determines the rate of mass and momentum flux at impact.
5.2.1 Tsunami Wave Profiles
Tsunami waves generated by landslides have been observed to fall into four main
types of gravity waves: weakly non-linear oscillatory waves, non-linear transition
waves, solitary-like waves and dissipative transient bores. Based on 2D block model
experiments, Noda (1970) gave the initial classification depending on the Froude num-
ber at impact and the relative thickness of the box. The classification was extended
for tsunamis generated by 2D granular landslides by Fritz et al. (2004) based on the
landslide Froude number F and relative landslide thickness S. Tsunamis generated
by 3D granular landslides are observed to fall into the two main categories:
• Non-linear oscillatory type of waves,
• Non-linear transition waves
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Solitary and bore-type tsunami waves are not generated in the present range of the
experimental study, although cylindrical solitary waves may be generated (Chwang
and Wu (1977), Weidman and Zakhem (1988)). The wave profiles of characteristic




Figure 60: Observed wave types: (a) non-linear oscillatory waves at F = 1.87,
S = 0.12, V = 1.75, h = 0.6 mand (b) non-linear transition waves at F = 2.04,
S = 0.46, V = 0.52, h = 0.6 m
The propagation of non-linear oscillatory waves and non-linear transition waves
in radial and angular direction away from the landslide source is shown in Figs. 61
and 62. The wave classification is performed for the near field generated tsunami
waves. The non-linear oscillatory waves have nearly closed orbital water particle
paths and are periodic in the direction of the propagation. Mass transport becomes
less significant in these waves and is close to zero on an average. The generated waves
demonstrated strong frequency dispersion. The wave train is observed to stretch with
the propagation distance due to dispersion effects. The leading wave was found to
decay with propagation distance while dispersion effects significantly enhanced the
trailing waves in some cases. The maximum crest amplitude was not necessarily of






Figure 61: Non-linear oscillatory waves at F = 1.87, S = 0.12, V = 1.75, h =
0.6 m measured at (a) θ = 0◦, r/h = 9.03, 14.17, 23.33, 40.17, (b) θ = 30◦, r/h =





Figure 62: Non-linear transition waves at F = 2.04, S = 0.46, V = 1.75, h =
0.6 m measured at (a) θ = 0◦, r/h = 9.03, 14.17, 23.33, 40.17, (b) θ = 30◦, r/h =
7.66, 10.29, 16.36 and 62(c) θ = 60◦, r/h = 13.26, 17.32.
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The wave amplitude decayed with the angular direction, but the wave front was
found to maintain the radial wave shape. The wave train does not necessarily have
the same properties for all the individual waves in the train. Dispersion effects lead to
the existence of shallow water waves, intermediate water depth waves and deep water
waves in the same wave train. The non-linear transition waves are characterized by
a main leading wave crest and trough followed by a dispersive train. In non-linear
waves, the main leading wave is followed by a dispersive trailing wave of oscillating
wave types. The wave train stretches as the wave propagates away from the landslide
source.
The wave type classification is based on the landslide Froude number F and rel-
ative landslide thickness S at impact. The wave type classification with landslide
Froude number F and relative landslide thickness S at impact is shown in Fig. 63.
Figure 63: Wave type classification based on landslide Froude number F = vs/
√
gh
and relative landslide thickens S = s/h with (◦) non-linear oscillatory waves, ()
non-linear transition waves.
A similar classification was performed for waves generated by a vertical plunger
and a falling block based on theoretical solutions of Noda (1970) and experimental
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results of Wiegel et al. (1970) based on relative box thickness and slide Froude number.
The tsunami wave types generated by unconfined 3D granular landslides may be
classified as
F < 2.95− 7.5S non-linear oscillatory waves (32a)
F > 2.95− 7.5S non-linear transition waves (32b)
The non-linear oscillatory type of waves are observed for relatively slow and thin
landslides at impact. The non-linear transition waves are observed for relatively
faster and thicker landslides than those that generate non-linear oscillatory waves.
5.3 Tsunami Wave Propagation
5.3.1 Wave Amplitude Attenuation
The wave heights of the generated tsunami waves are an essential parameter in esti-
mating the hazards associated with tsunamis. Specifically, the amplitude of the wave
crests and troughs should be considered for hazard assessment and mitigation. For
linear waves, the crest and trough amplitudes may be estimated as half of the wave
height. Impulsively generated waves are often in the non-linear regime in the near
field. Hence, the method of deriving the wave amplitudes from the wave heights may
lead to an underestimation of the hazards associated with tsunami waves. Since the
crests and troughs of the generated waves travel with different speeds, the crests and
troughs have to be considered independently. In case of impulsively generated waves,
the first wave crest may not necessarily be the highest wave crest, and this depends
on the wave generation parameters. In some cases, the second crest amplitude is
observed to be larger than the first crest amplitude. As the waves propagate away
from the source, the leading wave amplitudes decay away from the source while the
trailing wave amplitudes may amplify in magnitude as a result of dispersion effects.
Hence, far away from the impulsive source, the leading wave due to amplitude decay
may become only a precursor to a more destructive wave among the trailing waves
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(Ward (2001b)). A wave amplitude envelope is defined as a surface which encloses
the maximum positive crest amplitude aC and negative trough amplitude aT across
the propagating distances independent of their location in the wave train.
The definitions of the crest and trough amplitudes are shown in Fig. 64(a). While
the subscripts in ac and at denote the amplitudes of the crest and trough respectively,
the subscripts with the capital letter denotes the maximum crest and trough ampli-
tudes. In three-dimensional cases, the 1D wave envelope is extended to define a 2D
wave surface envelope that encloses the maximum crest and trough amplitudes across
the radial and angular direction. The definition of the surface wave envelope for the
wave crest amplitude is shown in Fig. 64(b).
(a)
(b)
Figure 64: Wave parameter definitions: (a) amplitudes of wave crest and trough
along with the wave height measured at the location (r, θ), (b) 2D wave envelope
enclosing the maximum wave crests at (r, θ) for a 3D wave.
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The measured surface envelope of the maximum crest amplitude is shown in Fig.
65 for four cases with varying relative landslide volume, landslide Froude number,
relative landslide thickness and width at impact.
(a) (b)
(c) (d)
Figure 65: Wave surface envelope of maximum crest amplitude aC/h shown for (a)
F = 3, V = 28, S = 0.75, B = 4.7 at h = 0.3 m; (b) F = 2.3, V = 3.5, S = 0.29,
B = 3 at h = 0.6 m; (c) F = 1.8, V = 1, S = 0.25, B = 1.6 at h = 0.9 m and (d)
F = 1.4, V = 0.4, S = 0.23, B = 1 at h = 1.2 m.
Unlike 2D waves, the surface envelope demonstrates an angular decay of the wave
amplitude with the radial decay. Within the experimental range, the relative maxi-
mum wave crests are generated at lower water depths. The relative wave amplitude
increases as the slide thickness approaches the water depth. The amplitude attenu-










where a is the amplitude of wave crest or trough, h is the water depth, r is the
radial propagation distance and θ is the propagation direction relative to the landslide
direction. The function shown in Eq. 33 decouples the wave generation process and
the wave propagation. The function ka, defined as the wave amplitude parameter,
incorporates the wave generation mechanism by coupling the landslide parameters
with the water body. The function f(r/h) denotes the variation of the amplitude
with radial propagation distance r/h and g(θ) denotes the amplitude dependency
on the angular direction of propagation θ. A multi-variable regression analysis for
the leading wave crest amplitude with respect to propagation distance and direction








with a correlation coefficient r2 = 0.99, where r/h is the relative propagation distance,
θ is the propagation direction with reference to the landslide direction, h is the water
depth, kac1 is the wave amplitude parameter for the leading wave crest and nc1 is the
exponent of the propagation distance. The exponent nac1 of the relative propagation
distance is negative, thus demonstrating the decay of the leading wave crest amplitude
with propagation distance. The parameter kac1 and the exponent nc1 are functions
of the landslide parameters and represent the wave generation mechanism by 3D
granular landslides. Further information on these parameters can be found in Sec.
5.3.3. The decay of the leading wave crest amplitude with propagation distance is
shown in Fig. 66(a). The wave amplitudes are normalized with the angular decay
rate and the wave amplitude parameter for the leading wave crest.
The amplitude attenuation function for the leading wave trough amplitude is also





Figure 66: Wave amplitude decay with propagation distance from source: (a) 1st
wave crest amplitude, (b) 1st wave trough amplitude and (c) 2nd wave crest amplitude
for the entire experimental range of water depths and landslide source parameters.
multi-variable regression analysis for the leading wave trough amplitude provided the








with correlation coefficient r2 = 0.99, where at1 is the leading wave trough amplitude,
kat1 is the wave amplitude parameter for the leading wave trough and nt1 is the
attenuation rate of the leading wave trough amplitude with propagation distance.
The prediction of kat1 and nt1 with the landslide parameters is discussed in Sec.
5.3.3. The decay of the leading wave trough amplitude with propagation distance is
shown in Fig. 66(b). The multi-variable regression analysis for the second wave crest
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with correlation coefficient r2 = 0.96, where ac2 is the second wave crest amplitude,
kac2 is the wave amplitude parameter and nc2 is the rate of decay of the second wave
crest amplitude with propagation distance. The trailing wave crest amplitude was
found to decay faster in the angular direction θ when compared with the leading
wave crest and trough amplitude. The decay is proportional to cos2 θ in the angular
direction. This variation in the decay rate of the second wave crest amplitude from
the leading wave amplitudes is due to the difference in the wave generation mechanism
between the leading wave front and the trailing wave front. While the direct impact of
the bulk landslide motion with the water body generates the leading wave front in the
wave train, the initial collapse of the impact crater generates the trailing wave front
in the wave train with varying attenuation behavior when compared with the leading
wave front characteristics. The attenuation of the trailing wave crest amplitude with
propagation distance is shown in Fig. 66(c). Further regression analysis of the trailing
wave trough amplitudes or the wave amplitudes of the subsequent trailing waves
yielded no clear functional behavior. In some cases, the amplitudes were found to
steadily decay for a part of the propagation distance and then increase again in the
far field locations. The decay of the leading wave amplitudes and the distribution
of wave energy from the front of the wave train towards the back of the wave train
resulted in an increase in the trailing wave amplitudes of the generated wave train.
Further, the trailing waves in the far field were prone to wave reflections from the
wave basin walls.
The amplitude decay of the leading wave crest and trough follow a cos θ depen-
dency while the second wave crest amplitude follows cos2 θ in the angular direction.
The rate of decay with the propagation distance however varies depending on the
depth of the water body and the landslide source parameters. In general, the rate of
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decay was found to increase with an increase in water depth in the present experi-
mental study. In 3D cases, the wave height attenuation was observed by Huber and











where H5 is the wave height at reference location r/h = 5. In comparison with Eq.
37, the decay rate of the wave amplitude away from the landslide source varied in
the experimental study. The decay rate is dependent on the landslide water body
coupling and the nature of the generated wave as shown in Secs. 5.3.1 and 5.3.3.
5.3.2 Wave Height Partition












However, impulsively generated waves are often in the non-linear range and the
equipartition assumption for the wave height no longer holds. The amplitudes of
the leading wave crests and troughs are shown in Fig. 67(a). The wave height parti-
(a) (b)
Figure 67: Wave height partition between crest and trough amplitudes for (a)
leading wave and (b) trailing wave in the generated wave train.
tion in the present study varies between ac1/h = 0.34at1/h and ac1/h = 2.06at1/h for
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the leading wave in the generated wave train. The relation between the crest ampli-
tudes of the first and second wave is ill-defined. In deep water cases, the first wave
crest is the dominant wave in the wave train, ac1/h ≥ ac2/h. This is true in cases
where the wave height is dominated by the wave trough. In shallow to intermediate
water depth cases, the second wave crest amplitude is larger than the first wave crest
amplitude.
5.3.3 Wave Amplitude Prediction
The empirical functions obtained for the wave crest and trough amplitudes in Sec.
5.3.1 decouples the wave generation mechanism and the wave propagation character-
istics through the wave amplitude parameter ka, radial propagation function f(r/h)
and the angular function g(θ) (Eq. 33). The wave amplitude parameter ka couples
the landslide parameters to the water body and enables predicting the amplitude of
the near field waves of the generated tsunami. The wave amplitude parameter, in
general, is dependent on the relative landslide parameters and the hill slope angle
and can be written as
ka = f (S,B, L, V, F, α) (39)
where S = s/h is the relative landslide thickness at impact, B = b/h is the rela-
tive landslide width at impact, Ls = V ols/(sbh) is the relative landslide length at
impact, V = Vs/h
3 is the relative landslide volume at impact, F = v/
√
gh is the
landslide Froude number at impact and α is the angle of the hill slope. Due to the
unconfined deformable nature and long runouts of the granular landslide source, the
entire landslide length may not be tsunamigenic and affect the regression analysis. A
landslide length is defined as ls = Vs/(sb) and is used in the regression analysis to
analyze the dependency on the landslide lengths. Herein, the governing parameters
are identified resulting in a predictive equations for the wave amplitude parameters
and the decay rate of the amplitude with propagation distance. The rate of decay
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of the crest amplitude with propagation distance depends on the water depth regime
and the characteristics of the generated wave. Since the wave characteristics are indi-
rectly dependent on the landslide source parameters in the near field area, the decay
rate is defined in terms of the landslide parameters.


















with a correlation coefficient r2 = 0.98 for the wave amplitude parameter and r2 =
0.93 for the decay rate. Thus the evolution of the leading wave crest amplitude can










)−1.24( bh)−0.36( sh)−0.03( vs√gh)0.25
cos θ (42)
with a good correlation coefficient of r2 = 0.98. The crest amplitude of the leading
wave front is found to be strongly influenced by the landslide Froude number at
impact, F and the relative landslide thickness, S. The landslide Froude number
and relative landslide width define the landslide inflow rate per unit width into the
water body and hence determine the impact characteristics. In accordance with
the generation mechanism of the leading wave crest amplitude which results from
the direct impact of the landslide with the water body, the dependence of the crest
amplitude on these quantities is justified.
The rate of decay is found to strongly depend on the landslide Froude number at
impact and the relative landslide width at impact. A weak dependence on the relative
landslide thickness and volume is also observed during the regression analysis. The
rate of decay is found to depend inversely on the landslide width at impact. The
relative width of landslide at impact is indicative of the nature of the landslide source
at impact and defines the mass and momentum flux of the landslide into the water
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body. As the relative landslide width increases at impact, the nature of the tsunami
source is analogous to the change in the source from a point source to a line source.
For the same characteristics, the point source has a higher decay rate of the generated
wave than a line source. Hence as the relative landslide width increases, the rate of
decay of the leading wave crest amplitude decreases.
The comparison between the measured wave crest amplitude and predicted values
is shown in Fig. 68. The dominant non-dimensional parameter in the amplitude
(a) (b)
Figure 68: Comparison between measured and computed values : (a) leading wave
crest amplitude computed with Eq. 42; (b) wave amplitude parameter of the leading
wave crest computed with Eq. 41.
prediction is the landslide Froude number at impact F = vs/
√
gh. The relative slide
thickness is significant in predicting the wave amplitudes. The rate of decay of the
crest amplitude with radial distance however depends on the slide Froude number at
impact and the relative landslide width B = b/h at impact. The dependency of the
wave amplitude parameter on the relative landslide volume is minor when compared
to the effect of the slide thickness and Froude number.
The multiple regression analysis for the leading wave trough amplitude yields the
predictive equations for the wave trough amplitude parameter kat1 and the trough
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with correlation coefficient r2 = 0.88 for the wave amplitude parameter kat1 and
r2 = 0.97 for the trough decay rate nt1. The attenuation of the wave trough amplitude













)−1.4( bh)−0.14( Vssbh)−0.1( vs√gh)−0.16
cos θ (45)
with correlation coefficient r2 = 0.93. The dominant parameter in prediction of the
trough amplitude is the landslide Froude number F . The other important parameters
are the relative landslide thickness S and the relative landslide length Ls. The rate
of the amplitude decay depends inversely on the landslide width B, length Ls and
Froude number F at impact. The comparison between the measured and predicted
values of the leading wave trough amplitudes is shown in Fig. 69.
(a) (b)
Figure 69: Comparison between measured and computed values : (a) leading wave
trough amplitude computed with Eq. 45; (b) wave amplitude parameter of the leading
wave trough computed with Eq. 44.
The leading wave trough is generated through the depression following the water
displacement or creation of an impact crater when the landslide impacts the water
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surface. The size and depth of the cavity directly influence the magnitude of the
leading wave trough amplitude. Since the displaced water volume flux is directly
proportional to the landslide Froude number and landslide thickness at impact, these
factors directly influence the amplitude of the leading wave trough.


























with correlation coefficient r2 = 0.83 for the wave amplitude parameter kac2 and
r2 = 0.93 for the decay rate nc2. The amplitude of the trailing wave crest can then
















)−1.5( bh)−0.07( Vssbh)−0.3( vs√gh)−0.5
cos2 θ
(48)
with correlation coefficient r2 = 0.91. The experimental cases with water depths of
h = 0.3 m are not included in the regression analysis for the trailing wave crest as the
2nd wave crest is ill-defined at the low water depth ranges. The comparison between
the measured and predicted values of the leading wave trough amplitudes is shown
in Fig. 70.
The amplitude of the second wave crest amplitude is found to strongly depend
on the landslide Froude number, landslide thickness at impact and the landslide
volume, with a minor dependence on the landslide width. The decay rate is found to
inversely depend on the landslide Froude number at impact, relative landslide length
and weakly on the landslide width. The prediction equation of the trailing wave
crest amplitude given by Eq. 48 can be explained through the generation mechanism.
While the leading waves are generated by the direct impact of the landslide with the
water body, the trailing waves are generated by the runup and subsequent rundown of
waves on the hill slope as a consequent of the water surface restoration post landslide
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(a) (b)
Figure 70: Comparison between measured and computed values : (a) 2nd wave
crest amplitude based on Eq. 48; (b) wave amplitude parameter of the 2nd wave crest
amplitude given by Eq. 47.
impact. Since the impact cavity is generated as a result of the impact, the trailing
wave amplitudes can be weakly related to the landslide parameters. The size of the
impact cavity is directly related to the landslide Froude number and slide at impact
and hence these directly influence the trailing wave crest amplitudes. The landslide
volume is found to inversely influence the amplitude of the trailing wave crest. The
collapse of an impact cavity is directly dependent on the air volume inside the cavity.
The air volume relative to the landslide volume in the impact cavity was observed to
be larger for short and thick slides than for thin and long slides Fritz (2002). Larger
air volumes lead to higher and massive collapses of the crater which leads to higher
wave runups on the hill slope and hence higher trailing wave amplitudes.
The accuracy of the wave amplitude predictions decreases from the front of the
wave toward the back of the wave. The regression analysis for the amplitudes of
the trailing waves yielded no clear empirical form of the predictive equations. The
dependence of the trailing wave amplitudes on the radial propagation distance and
the angular direction varied widely in the experimental trials.
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5.3.4 Tsunami Wave Periods
The time periods of the generated tsunami waves are measured from the time series
recordings of the water surface elevation at the wave gauge array. The individual
waves in the generated wave train are identified by the zero upcrossing method. The
upcrossing points are defined as the point in the wave train measurement, where
the free surface of the water body departs the mean water level. The water surface
variation between two successive upcrossing points constitute a wave. The initial
upcrossing point is defined as the location when the water surface elevation reaches
5% of the first wave crest amplitude.
η = 0.05ac1 (49)
Since the wave profiles are measured in the time domain, the upcrossing points gives
the time coordinate of the waves. The difference between successive upcrossing time
of the waves gives the upcrossing wave periods of the individual waves in the gen-
erated wave train. In the present three-dimensional study, the landslide is observed
to generate a wave train comprising of radial wave fronts. Hence, the wave periods
that are measured at the individual wave gauges are the wave periods of the radial
wave front at location (r, θ). The definition of the upcrossing and crest to crest wave
periods that are measured for a radial wave front are shown in Fig. 71.
The wave periods corresponding to the first 3 waves, Ti, i = 1, 2, 3 are measured
along with crest-to-crest and trough-to-trough wave periods for the first 3 waves,
Tci, Tti, i = 1, 2, 3. The measurement of the third wave period was possible in some
cases not disturbed by wave reflections or noise in the measurements. The wave
periods are measured in the range 4 < r/h < 80 and 0 < θ < 90 across all of the
experimental trials. The measured wave periods for a particular wave front are found
to be invariable in the angular direction, except close to the hill slope, θ = 90o.
Thus the radial wave fronts in the present study have a nearly constant wave period
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Figure 71: Definitions of the upcrossing and crest-to-crest wave periods of the radial
wave fronts in a wave train generated by 3D granular landslides.
independent of the angular direction. The only variation in the wave periods arises
due to wave propagation away from the landslide source in the radial direction. In
general, the wave periods are found to increase with the radial propagation distance
r/h. In the measured range 4 < r/h < 80, the wave period of the first wave front
is found to be 6 < T1
√
g/h < 26 and the first wave crest as 5 < Tc1
√
g/h < 18.
On average, the wave period of the first crest to second crest is found to be 18%
shorter than the upcrossing wave periods of the first generated wave front. The wave
periods of the second and third wave front is found in the range 3.5 < T2
√
g/h < 10.5
and 2 < T3
√
g/h < 8. The second crest to third crest wave period is in the range
3 < Tc2
√
g/h < 10. There is almost no significant variation between the upcrossing
period T2 and the crest-to-crest period Tc2 for the first trailing wave. The little to
no variation indicates the presence of an oscillatory type of trailing wave with minor
nonlinear effects either through the wave shape or wave partition. The wave periods
further decreases from the front of the wave train towards the rear of the wave train.
The wave periods of the wave front are independent of the angular propagation
direction θ. The general function that describes the evolution of the measured wave
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where kT is the wave period parameter and f(r/h) is a function that describes the
variation with propagation distance r/h. The above function decouples the wave
generation and propagation through the wave period parameter and the propagation
function. Further details on the wave period parameter can be found in Sec. 5.3.5.
The multiple regression analysis of the measured wave periods gives the evolution


























with correlation coefficient r2 =0.98, 0.95 and 0.87 for the first three wave fronts
respectively. kT i is the wave period parameter for the i
th wave front in the generated
wave train. The evolution of the first three wave periods according to Eq. 52 is shown
in Fig. 72. The evolution of the wave period along with the wave period parameter
1/k(T
√
g/h) is shown versus the relative propagation distance r/h.
In an 2D experimental study with block landslides, Kamphuis and Bowering (1970)











Huber (1980) measured wave periods in the range 4 < THuber
√
g/h < 36 over the
propagation distance range 5 < r/h < 100. The wave period increase with propaga-














Figure 72: Time periods within the wave train as function of propagation distance
(r/h) for (a) 1st wave, (b) 2nd wave and (c) 3rd wave.
without reference to the wave generation mechanism or an anchor point. In the
study by Fritz (2002), the wave periods were measured over the propagation distance
2 < x/h < 22. The measured time periods of the first wave were found within the
range 6 < TFritz
√
g/h < 22. The evolution of the first wave period with propagation








with the reference location at X/h = 5. In a further study, Heller (2008) found the













where PHeller is defined as an impulse parameter that defines the landslide water body
coupling analogous to the wave period parameter kT1 in the present study.
Since the wave period definitions vary with the different experimental studies, the
wave periods are normalized at an anchor point for the ease of comparison. By fixing
the reference location as x/h = r/h = 5, the measured time periods of the first wave


























The comparison of the present study with previously obtained functions of wave
period propagation in Eq. 58 is shown in Fig. 73.
The differences between the above studies and the present study are mainly due
to the variation in the wave generation between the 2D physical model and the fully
3D physical model. The generated wave characteristics are different in the 2D and
3D study between the 1D wave propagation and wave propagation as a radial front
in 3D. Unlike the 2D case, in 3D the wave train is stretched in a radial fashion, which
leads to a gradual increase in the length of the wave front as the propagation distance
increases. The rate of wave period increase is slightly larger in the 2D case compared
with 3D case (approximately 10%).
5.3.5 Wave Period Prediction
The wave period function obtained in Eq. 52 decouples the wave generation process
through the wave period parameter kT and the wave propagation function f(r/h).
The wave period parameter is found to depend on the landslide parameters and thus
provides a coupling of the landslide parameters with the water body. The wave period
in general depends on the duration of the landslide motion and wave generation at
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Figure 73: Evolution of wave period of the 1st wave, T1 with propagation distance
r/h compared with the study of Kamphuis and Bowering (1970), Huber (1980), Fritz
(2002), Heller (2008).
impact. The water displacement at impact and the collapse of the water surface at
impact influence the time scales of wave generation and the wave periods. However,
due to the unconfined spreading of the granular landslide and the fully 3D physical
model, these times are difficult to measure. The time of granular motion is not
clearly defined as different stages of the landslide motion have varying influence on
the tsunami generation. The last part of the landslide motion constitutes a significant
portion of the landslide motion, yet is inefficient for tsunami generation. It was
observed that even when the landslide front comes to rest at the bottom of the TWB,
the tail of the landslide is still in motion. The time of landslide motion and crater
formation are invariably dependent on the landslide velocity and geometry. Hence,
the wave periods can be predicted in terms of the measured landslide velocity and
geometry at impact. A multi-variable regression analysis for the first wave period











with a correlation coefficient of r2 = 0.94. The landslide Froude number F = vs/
√
gh
is identified as the primary parameter governing the time period of the leading wave,
along with a minor dependency on the relative landslide length L = Vs/(sbh) and
relative thickness S. The dimensionless width B at impact had little to no influence
on the wave period. By combining Eqs. 52 and 59, the prediction for the wave period
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with a good correlation coefficient of r2 = 0.97. The comparison between the mea-
sured time period of the leading wave front and the predicted values is shown in Fig.
74(a).
(a) (b)
Figure 74: Comparison between measured and predicted values of (a) 1st wave
period with Eq. 60 and (b) 2nd wave period at all the wave gauges with Eq. 61.
The multiple regression analysis for the second wave period parameter resulted

















with a correlation coefficient for the wave period paramter kT2 as r
2 = 0.86 and
the wave period T2 as r
2 = 0.93. The dominant parameter in this case is also the
slide Froude number at impact with some minor dependency on the relative landslide
length and thickness at impact. The comparison between the measured and predicted
values corresponding to the wave period of the trailing wave front is shown in Fig.
74(b). The regression analysis for the time period of the third wave front showed poor
dependence on the landslide parameters and is inconclusive. While the first wave is
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generated by the direct impact of the landslide with the water surface and the second
wave is generated by the collapse of the impact cavity and subsequent runup and
rundown on the hill slope, the third wave is generated by the oscillating wave uprush
and draw down after the landslide impact with the water surface. Hence while the
first two waves can be directly estimated in terms of the landslide parameters, the
dependence of the third and the subsequent trailing waves on the landslide is poorly
constrained.
5.3.6 Tsunami Wave Celerity
The determination of tsunami arrival times is critically important to issue (and cancel)
tsunami warnings as well as evacuation efforts. The arrival times can be determined by
ray paths and wave propagation velocity. In case of linear waves, the wave propagation
velocity can be determined by the wave length L, or the wave period T and the water
depth h from the linear dispersion relation. However the linear wave theory is valid
for ac/h < 0.03 (Dean and Dalrymple (1991)). In the present experiments, the
generated waves are in the range 0.001 < ac/h < 0.35. While the near field waves
are in the non-linear regime, some of the far field waves may fall in the linear wave
regime. In the non-linear regime, the wave propagation velocity further depends on
the relative wave amplitude a/h or the relative wave height H/h. While the increasing
magnitudes of relative wave length L/h lead to an increase in the importance of the
higher order effects on the wave train properties. The individual crests and troughs of
the generated waves have independent wave lengths and they are found to propagate
with different velocities. Hence, landslide generated tsunami waves are not steady
in a reference frame moving at the wave propagation velocity, in contrast to the
solitary or cnoidal wave. Hence each component of the generated waves are treated
independently.
The tsunami wave propagation velocity is determined for individual wave crests
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and troughs as the wave front propagates from wave gauge to wave gauge along a
directional ray. The wave velocity was obtained by dividing the distance between
the wave gauges along a particular ray by the travel time required for the individual
wave crests and troughs to pass the location of the successive wave gauges. The wave
gauges were placed in a radial and angular direction in the tsunami wave basin. The
wave gauges were placed in the rays starting at 0o from the direction of the landslide
motion. The successive angles of the wave gauges were 5o, 13o, 25o, 30o, 45o, 60o and
90o. The wave propagation velocity is measured by dividing the distance between
successive wave gauges in a directional ray with the travel times of the successive wave
crest and troughs. The propagation velocity measurements are estimated in the range
1.67 < r/h < 78.65 across all the experimental trials and along all the directional
rays. The velocity measurements are limited to the wave gauges where the measured
wave profiles are independent of wave reflection. The measurements are made for
the crests and troughs of the first three waves, which are the highest and the most
important for hazard mitigation. Later trailing waves in most cases are disturbed by
wave reflections off the tsunami wave basin walls and the hill slope. The propagation





gh < 1.0. The 1st trailing wave propagation velocities are found to be in
the range 0.65 < cc2/
√
gh < 0.97, 0.54 < ct2/
√
gh < 0.94 and the 2nd trailing wave
fronts in the range 0.5 < cc3/
√
gh < 0.93 and 0.5 < ct3/
√
gh < 0.92. The decrease
in the propagation velocity from the leading wave to the trailing waves is due to the
reduction of the wave lengths from the front of the wave to the back of the wave.
The reduction of the wave length of the trough resulted in a decrease in the wave
propagation velocity by up to 17%. The propagation velocity of the second wave was
on average 18% − 23% lower than the leading wave velocity. The third wave was
on average 22% − 35% slower than the leading wave. The propagation velocity of
the leading wave crest also often exceeded the maximum possible linear propagation
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velocity corresponding to the shallow water wave propagation velocity c <
√
gh in
some experimental trials at low water depths.
The wave propagation velocity of the leading wave front can be approximated by

















for small relative wave crest amplitudes, ac1/h (Russell (1844)). While Eq. 62 corre-
sponds to the first approximation of the Laitone theory (Laitone (1960)), Eq. 63 was
also obtained as a first approximation to the theoretical studies of Boussinesq (1872),
Rayleigh (1876) and McCowan (1891).
Equations. 62 and 63 also compare well with experimental observations of Dailey
and Jr. (1953) and Naheer (1978). The breaking limit for solitary waves was given
by McCowan (1894) as Hb/h = 0.78. Hence the theoretical relationships given by
Eqs. 62 and 63 allow wave velocities up to 39% and 33% respectively, beyond the
linear shallow water assumption of c =
√
gh at breaking due to wave non-linearity.
This may lead to potentially hazardous early arrivals of tsunami waves compared to
estimates based on linear wave theory.
The measured propagation velocity of the first three waves of the landslide gen-
erated tsunamis are shown in Fig. 75. The wave velocities are normalized by the
shallow water velocity. The velocity of the leading wave crest corresponds closely
to the theoretical approximation of the solitary wave speed given by Eq. 62. The
amplitude dispersion quantified by the relative wave amplitude plays an important
role in the variation of wave velocity as seen by the dependence of the leading wave





Figure 75: Wave propagation velocity: crest and trough celerities for (a) 1st wave,
(b) 2nd wave and (c) 3rd wave. Solitary wave speed approximation given by Eq. 62 is
shown as dashed line in the figures.
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The leading wave trough propagates with velocities close to the solitary wave
speed. These are equal to or lower than the linear shallow water velocity. The
crest and trough of the second wave propagate with much lower velocity compared
to the leading wave. The velocity drop from the leading wave to the second wave
is about 23% for the wave crest and 18% for the wave trough. The second waves
propagate at speeds much lower than the linear shallow water velocity
√
gh. These
waves are usually in the intermediate water depth regime and non-linear in nature.
The propagation velocity of the third wave is lower than the leading wave and the
second wave. Hence, neither linear wave theory nor solitary wave theory can be
applied to study the trailing waves as these waves are usually in the intermediate
to deep water regime for flat sea bed and often non-linear in nature. The reduction
in the wave velocity can be explained by frequency dispersion which results in the
shortening of the wave length of the trailing waves.
5.3.7 Tsunami Wave Lengths
The wavelengths are defined as the horizontal distance between the successive zero
upcrossing points of the generated tsunami waves. The wavelength can be obtained
from the measured wave periods by multiplying the wave period with the speed of
the wave, assuming that the wave is steady in a reference frame moving with the
speed of the wave. Hence, the wavelength measurement from the wave periods and
wave speeds are accurate only in case of transient waves. In case of impulsively
generated waves, different waves in the wave train move with different speeds. Hence,
the measurement of the wavelength from the wave period and the wave speed results
in a bias in the measured wavelengths. In the present study, the speed of wave is
characterized as the speed of the individual wave crests and troughs. The wave celerity
is approximated as the average speed of the crest and trough that was measured as
the wave propagates between successive wave gauges along an angular ray. The zero
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where the subscript i denotes the number of the wave in the wave train and Lci
represents the wavelength measured between ith crest and (i+ 1)th crest. The speed
of a wave for the upcrossing wavelength is the mean of the measured wave crest and
trough speed. In case of the crest-to-crest wavelength measurement, the wave speed
is the mean of the two wave crests and the trough in between them. The definition
of the zero upcrossing and crest to crest wavelength measurements are shown in Fig.
76.
Figure 76: Definition of upcrossing and crest-to-crest wavelengths in a radial wave
front.
The upcrossing wavelengths of the leading wave front L1/h are determined in the
propagation range 4 < r/h < 80 and 0o < θ < 90o, across all the experimental
trials. The measured upcrossing wavelengths are in the range 5 < L1/h < 24, while
the crest-to-crest wavelength are in the range 3 < Lc1/h < 18. The crest-to-crest
wavelengths are considerably shorter than the upcrossing wavelength of the leading
wave. The reduction on average was 25−33%. The wavelengths are found to increase
152
with the propagation distance from the landslide source. However, the variations in
the wavelength with respect to the angular direction is found to be minimal. The
landslide generated tsunami waves in three dimensional setup propagate as a wave
front in the radial direction with nearly constant wave periods and wavelengths across
a particular wave front with respect to the angular direction.
The uprossing wavelengths of the second waves are in the range 2 < L2/h < 11,
while the crest to crest wavelengths follows 2.5 < Lc2/h < 12. Unlike the leading
wave, the crest-to-crest wavelength for the second wave is marginally higher than
the upcrossing wavelengths. The minimal difference between the upcrossing and
crest wavelengths lead to the presence of weakly non-linear oscillatory type of waves.
Based on the measured wavelength ranges, the generated waves are mostly in the
intermediate water depth regime 2 < L/h < 20, except for a few cases where the
waves reached the shallow water depth regime L/h > 20 for the first wavelength.
The wavelength decreases in the wave train from the front of the wave train towards
the back.
A multi-variable regression analysis for the wavelength data allows decoupling
the wave generation mechanism and the wave propagation properties of the gener-
ated wave. The evolution of the wavelengths with the propagation distance can be








where the subscript i refers to the number of the wave in the wave train, kLi is the
wavelength parameter for the ith wave that defines the wave generation mechanism
through the landslide parameters and f(r/h) describes the evolution of the wave-
length with propagation distance r/h. The wavelength function shown in Eq. 65 is
independent of the angular direction with an assumption that the radial wave front
has a constant wave period and wavelength. The multiple regression analysis for the
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with the correlation coefficients r2 =0.98, 0.91 and 0.86 for the first, second and the
third wave front respectively. The description of the wavelength parameter kLi is
described in Sec. 5.3.8. The wavelength evolution with the propagation distance for
the first three wave fronts of the generated wave train is shown in Fig. 77. The relative
wavelengths are normalized with the wavelength parameter kL for comparison between
the different waves of the wave train. The evolutions are shown as (1/kLi)(Li/h) versus
the propagation distance r/h.
In an experimental study, Kamphuis and Bowering (1970) observed a linear vari-
ation of the measured wavelength with propagation distance given by
LKamphuis
h














In that study, Huber (1980) measured wave lengths in the range 4 < LHuber/h < 40
over the propagation distance range 5 < x/h < 100. The experimental study of Fritz








with the reference point taken at the location x/h = 5. Since the wavelength def-
initions vary in the different experimental studies, the empirical equations for the





Figure 77: Measured wavelength as function of propagation distance r/h for (a) 1st
wave, (b) 2nd wave and (c) 3rd wave.
x/h = r/h = 5 to maintain a uniform definition of the wavelengths. The wavelengths
































(Kamphuis and Bowering (1970)) (73)
The comparisons of the wavelength estimates normalized at x/h = r/h = 5 is
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shown in Fig. 78.
Figure 78: Evolution of wave length of the leading tsunami wave L1 with propaga-
tion distance r/h compared with the study of Kamphuis and Bowering (1970), Huber
(1980), Fritz (2002) and Heller (2008).
5.3.8 Wave Length Prediction
The multi-variable regression analysis for the wavelength parameter kL for the leading











with a correlation coefficient r2 = 0.93. The dominant non-dimensional variables are
the slide Froude number F = vs/
√
gh with minor dependence on relative slide length
L = Vs/(sbh) and relative thickens at impact S = s/h. Thus the empirical predictive
















with a correlation coefficient of r2 = 0.97. The comparison between the measured
and the predicted values of the first wavelength is shown in Fig. 79(a).
The multi-variable regression analysis for the wavelength parameter for the 1st

















Figure 79: Comparison between measured and predicted values of upcrossing wave-
lengths for (a) for the 1st wave with Eq. 75 and (b) 2nd wave with Eq. 76.
with a correlation coefficient for the wavelength parameter kL2 as r
2 = 0.93 and
the wavelength L2 as r
2 = 0.9. The dominant parameter in this case is also the slide
Froude number at impact with some minor dependency on the relative slide length and
thickness. The comparison between the measured and predicted values corresponding
to the wavelength of the second wave is shown in Fig. 79(b). The regression analysis
for the wavelength of the 3rd wave remained inconclusive regarding the landslide
parameters due to the weak dependence of the trailing waves on the landslide as a
direct wave generation mechanism.
5.3.9 Tsunami Wave Non-Linearity
The wave non-linearity can be defined by three parameters:
• relative wave height H/h or amplitude a/h,
• wave steepness H/L, and
• Ursell number U = (acL2)/h3.
The importance of the above parameters depends on the water depth regime in which
the wave is present. In the shallow water regime, the relative wave height or the
157
amplitude are important while in the deep water regime, the most relevant parameter
is the wave steepness. In intermediate water depths, the most important parameter is
the Ursell number, while the other two parameters may also be considered. As shown
in the previous section, most of the landslide generated waves are in the intermediate
water depth regime with 2 < L/h < 20. The measured wave crest amplitudes in
the present study are in the range 0.001 < ac/h < 0.2. Hence, while most generated
waves are in the non-linear regime, some of the generated waves were in the weakly
non-linear regime as well. It was also seen that the wave propagation velocity is
governed by the amplitude dispersion effects. Hence, the higher order terms become
important in the description of the wave unlike linear wave theory which includes
only frequency dispersion but does not account for amplitude dispersion.
The evolution of the wave steepness for the leading wave H1/L1 with the propa-
gation distance is shown in Fig. 80(a). The wave steepness is determined over the
propagation distance 5 < r/h < 80 across all the experimental trials. The wave
steepness decreases with the propagation distance in accordance with a simultaneous
wave amplitude decay and wave length increase with the propagation distance. The
wave steepness for the leading wave is in the range 6× 10−4 ≤ H1/L1 ≤ 0.025. While
the condition for linear theory is H/L < 0.006, the generated waves within this range
shown in Fig. 80(a) are not necessarily in the linear wave regime. These waves are
often in the intermediate water depth regime and hence the Ursell number is analyzed
for studying the wave non-linearity. The evolution of the Ursell number for the leading
wave with propagation distance is shown in Fig. 80(b). The Ursell number for the 1st
wave increased with propagation distance and was found in the range 0.2 < U1 < 55.
The condition for non-linearity with respect to the Ursell number is U > 1 (Lighthill
(1978)). Hence, the generated waves are in the non-linear regime based on the Ursell
number in the intermediate water depth regime. The majority of the leading tsunami
waves have U1 < 26, which is the limit for the applicability of cnoidal wave theory.
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Most leading tsunami waves generated by 3D granular landslides may be described
by Stokes theory in the intermediate water depth range. An increase in the landslide
Froude number may lead to tsunami waves which may be described by cnoidal theory
if the Ursell number satisfies U1 > 26 in the intermediate water depth range.
(a)
(b)
Figure 80: Leading wave non-linearity: (a) wave steepnessH1/L1 versus propagation




versus propagation distance r/h with U1 = 26.
The evolution of wave steepness and the Ursell number for the second wave of
the generated wave train with propagation distance is shown in Fig. 81. The wave
steepness in general decays with the propagation distance and is in the range 0.0015 <
H2/L2 < 0.075. The wave steepness of the second wave is larger than the first wave.
When compared with the leading wave, the wave lengths of the second wave was
smaller than the leading wave, which results in increased wave steepness of the second
wave. The Ursell number for the second wave is in the range 0.02 < U2 < 4. While
the wave steepness of some of the generated waves indicates linear waves, the Ursell




Figure 81: Second wave non-linearity: (a) wave steepness H2/L2 versus propagation




versus propagation distance r/h.
depth regime, 2 < leqL2/h ≤ 20.
The wave steepness and Ursell number for the third wave is shown in Fig. 82. The
wave steepness decays with propagation distance in the range 0.002 < H2 < L2 < 0.06
while the Ursell parameter is in the range 0.007 < U2 < 2. Based on the Ursell
parameter alone, most of the 3rd tsunami waves may be described by linear Airy
theory since almost all the waves satisfy U3 < 1.
5.3.10 Energy Conversion
The wave generation process by the impact of landslides on a water body can be
studied through the conversion rate of energy from the landslide into the water body.
Herein, the kinetic energy of the landslide at impact is considered as source for the









Figure 82: Third wave non-linearity: (a) wave steepness H3/L3 versus propagation




versus propagation distance r/h.
where V = Vs/h
3 is the relative landslide volume, D is the ratio of landslide density
to water density and F = vs/
√
gh is the landslide Froude number at impact.
The wave energy comprises of two contributions: the wave kinetic energy which is
composed of the water particle motion in the water body and potential energy due to
the displacement of water particles from their mean position. The non-dimensional
wave potential energy per unit width of the wave front from the wave profile mea-














In a three-dimensional cylindrical coordinate system, the generated wave propagates
as a radial front away from the landslide source. Hence the energy measured is a func-
tion of radial propagation distance and direction dEpot(r/h, θ). The total potential
























at a propagation distance r/h from the landslide source. Since the measured wave
trains were transient and non-stationary in a moving reference frame, the individual
wave crests and troughs propagated with varying velocities. This variation in the
velocity was taken in account by measuring the potential energy of each individual
crest and trough in the generated wave train. Since the wave profiles were measured
at positions (r, θ) with respect to the origin at landslide impact location, the mea-
surements are approximated as dEpot = f(r/h, θ). This enables the interpolation of
the energy measurements between the range 0 ≤ r/h ≤ Rmax and −π/2 ≤ θ ≤ π/2.
The approximation for the leading wave crest was obtained as





where the rate of decay n varies for all the experimental trials analogous to the wave
amplitude decay rate (see Sec. 5.3.1). The total potential energy of the wave front











The kinetic energy of the generated waves is difficult to estimate directly due to
lack of measurements regarding the water particle kinematics in the water column.
The total wave energy may be estimated as Etot ≈ 2Epot by assuming equipartition of
energy between potential and kinetic wave energy. The energy packet of the leading
wave crest was found to decrease with the propagation distance attributed to disper-
sion and stretching of the wave energy packet of the impulse wave train. The decay
of the wave energy of the leading wave crest with propagation distance r/h is shown
in Fig. 83
The decay of the leading wave crest energy varies strongly with propagation dis-
tance r/h. In some cases, the energy decays rapidly as Ecr1(r/h = 6)/Ecr1(r/h =
4) = 0.5 for intermediate water depth regimes, while in some cases the decay is more
gradual with Ecr1(r/h = 32)/Ecr1(r/h = 4) = 0.5 for shallow water depth waves.
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Figure 83: Decay of leading wave crest energy relative to landslide kinetic energy
at impact with propagation distance r/h.
The decay rate strongly depends on the energy transfer from the landslide to the
generated wave, the water depth regime and the non-linearity of the generated wave.
The energy decay in the leading wave crest is due to the dispersion of the waves in
the intermediate water depth regime. A part of the leading wave energy is transferred
to the trailing waves in the wave train.
The multi-variable regression analysis for the leading wave crest energy Ec1(r/h =













with correlation coefficient r2 = 0.86. The comparison between the measured and pre-
dicted values computed with Eq. 82 is shown in Fig. 84(a). The dominant parameters
are the slide Froude number and the relative thickness at impact. The dependency
of the measured energy with slide thickness is shown in Fig. 84(b) where the re-
gression has a correlation coefficient r2 = 0.86. Between 0.5% − 3% of slide energy
was transferred to the leading wave crest energy, which decays gradually away from
the landslide source due to wave transfer into the trailing waves and wave dispersion
effects.
The energy of the wave train is measured analogous to the energy measurement
of the leading wave crest. Since the wave speed is different for different waves in the
generated wave trains, the energy in the individual crests and troughs are measured
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(a) (b)
Figure 84: Energy of the leading wave crest: (a) Ec1(r/h = 10)/Es measured
versus compared with Eq. 82; (b) Ec1(r/h = 10)/Es versus S = s/h with regression
r2 = 0.86.
and added to get the energy of the wave train. The wave train measurement comprises
of the energy packet in the first three waves. The wave profile recordings yielded the
first three waves clearly and the wave profile beyond the first three waves were prone
to reflection effects. Assuming equipartition the total non-dimensional energy of the
















where the water surface between Ti and Ti+1 represent a wave crest or trough depend-
ing on the index i. The decay of the wave train energy with propagation distance is
shown in Fig. 85
The energy of the wave train is observed to decay with propagation distance away
from the landslide source. But the decay rate, in general, is lower than the decay
rate of the leading wave crest energy. Between 1%− 15% of the landslide energy was
converted into the wave train energy. The multi-variable regression analysis for the














Figure 85: Decay of energy of the wave train relative to landslide kinetic energy at
impact with propagation distance r/h.
with correlation coefficient r2 = 0.89. The dominant parameters are the landslide
Froude number and relative slide thickness at impact with dependencies on the rel-
ative slide volume. The comparison between the measured and predicted energy of
the wave train is shown in Fig. 5.3.10. The wave generation efficiency increases with
decreasing landslide volumes and increasing landslide thickness at impact. A simi-
lar behavior for wave conversion efficiency can be seen with explosions for increasing
yield in the same water depth (LeMéhauté and Khangoankar (1992)).
Figure 86: Energy of the wave train : Ewt(r/h = 10)/Es measured versus compared
with Eq. 84.
The partition of the wave energy can be analyzed by normalizing the wave energy
of the leading wave crest with the energy of the wave train. The multiple regression
analysis for the ratio of the leading wave crest energy and wave train energy at
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r/h = 10 results in
Ec1
Ewt









The comparison between the measured and predicted values of the energy partition
between leading wave crest and wave train is shown in Fig. 87(a). The partition of
energy between the leading wave crest and the wave train is observed to increase with
an increase in the landslide volume or the landslide Froude number at impact. The
measured energy in the leading wave crest at r/h = 10 versus the energy of the wave
train at the same location is shown in Fig. 87(b). The theoretical maximum for the
ratio Ec1/Ewt is 1 and none of the experimental trials exceeded this limit.
(a) (b)
Figure 87: Wave energy partition between leading wave crest and wave train: (a)
comparison between measured and predicted at r/h = 10 with Eq. 85, (b) leading
wave crest energy Ecr/Es versus wave energy train Ewt/Es at r/h = 10. Solid line
represents Ecr = Ewt.
In a 2D experimental study conducted by Kamphuis and Bowering (1970), the
landslide to wave energy conversion ranged from 10% − 50%. The landslide was
modeled as a weighted tray on a slope. The energy conversion was observed to
decrease with increasing hill slope angle. Hill slope with α = 90o resulted in the lowest
conversion rates in the study. Huber (1980) measured the energy conversion rates
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between granular landslides and wave between 1−40%. The accuracy of this estimate
however is low since the energy was measured electronically by integrating the square
of the analog signal and multiplying the sum by half. A similar measurement was
made by Kamphuis and Bowering (1970). The granular landslide studies by Fritz
(2002) led to measurement of energy conversion between landslide and leading wave
crest in the range 2− 30% at a distance x/h = 8 from the impact. The conversion in
case of the wave train was measured between 4−50% at the same location. The flume
experiments also provided a good comparison between the leading wave energy and
the energy of a solitary wave with the same characteristics. In a different study, Watts
(2000) determined the energy conversion rates between 2−13% where the source is an
underwater landslide block. Ataie-Ashtiani and Nik-Khah (2008) observed an energy
conversion rate between 5 − 50% with varying solid block landslides as the source
of the wave generation. Heller (2008) measured energy conversion rates between
11.3− 85.7% for granular landslides.
An analogy to wave generation by landslide impacts can be made with wave gen-
eration by projectile impacts and underwater explosions. Gault and Sonett (1982)
determine energy conversion rates for projectile impacts on water surfaces of 7% for a
projectile impacting atMa = 7.5. Jordaan (1969) estimated about 40% of underwater
explosion energy is available to displace the water around the explosion. Underwa-
ter explosions in general were found to be inefficient wave generators. LeMéhauté
and Khangoankar (1992) showed that in shallow waters when the explosion bubbles
reaches the sea bed, at most 5% of the energy is transferred into the water body.
The efficiency in shallow waters rapidly increased with increasing water depths and
decreasing explosion yields. In water bodies of same depths, lower yield explosions
are more efficient than higher yield explosions for wave generation. In deep water,
LeMéhauté and Wang (1995) observed a maximum efficiency of 20% for the wave
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generation. Most of the energy released in explosions is divided about equally be-
tween shock wave and thermal radiation effects, both of which are negligible regarding
tsunami wave generation. A large portion of explosion energy that gets converted into
potential energy during crater formation is lost to hydrodynamic dissipation during
the crater collapse. The energy dissipated remained at about 40% (LeMéhauté and
Khangoankar (1992)).
In comparison with 2D studies, the present 3D study yield lower energy conver-
sion rates when compared with Kamphuis and Bowering (1970), Huber (1980), Fritz
(2002), Heller (2008), Ataie-Ashtiani and Nik-Khah (2008). The 2D experiments
result in efficient wave landslide tsunami wave generation since there is only one un-
confined direction in the vertical where the water body can move. In comparison,
there is no such confinement of the water body in 3D. During the landslide impact,
the water body can flow through the side and around the landslide which decreases
the efficiency of the wave generation. The landslide deformation is larger in 3D com-
pared with 2D due to less constraint on the landslide motion. A bulk of the slide
energy is lost into frictional effects during the sub aerial and sub aqueous motion.
The unconfined granular landslide motion further loses energy as the landslide mass
undergoes internal deformation during the motion. Additional energy is lost during
the slide deflection from the hill slope onto the horizontal basin bottom. Energy dis-
sipation also decreases the energy conversion during the collapse of the impact crater.
Thus the resulting available energy is spread in the angular direction through the
radial wave front propagation. The distribution of the wave energy packets in the
generated wave train decays the energy of the wave with propagation direction.
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5.4 Application of classical wave theories
5.4.1 Introduction
An understanding of the wave theory classification is essential in predicting the wave
characteristics such as wave celerity, wave periods, wavelengths, dispersion effects,
wave amplitude behavior through an analytical approach. The number of parameters
that define a wave enable several types of wave classification. The waves can be
primarily defined as an oscillatory or a translatory wave. The difference between the
two arise from the mass transport by the wave. A purely oscillatory wave does not
transport any mass, whereas a purely translatory wave transports mass. In reality,
the ocean waves can be composed of both oscillatory and translatory waves, e.g
wind waves. The next classification may be made in terms of the relative wave
characteristics to the water depth as shallow, intermediate or deep water waves. A
wave can undergo transformation from deep to shallow water during the course of its
propagation. A formal classification of water wave theories was given by LeMéhauté
(1976) based on the wave characteristics. A further classification and overview of wave
theories was given by Lamb (1945), Wehausen and Laitone (1960), Ippen (1966), Dean
(1970), Mei (1989), Dean and Dalrymple (2004). Historical reviews of wave theories
was presented by Craik (2004), Sander and Hutter (1991) and Grimshaw (2007).
5.4.2 Classification of wave theories
The wave theories may be classified based on
• relative wave height H/h
• wave steepness H/L
• relative wave length L/h
• Ursell parameter U = HL2/h3
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as linear or nonlinear waves. The limit value of the above parameters for wave classi-
fication was given by LeMéhauté (1976).Linear wave theories are valid for the range
given by H/h << 1 and U << 1. Further linear waves can be classified into shal-
low water waves, intermediate water waves and deep water waves depending on the
relative wave length as L/h > 20, 2 ≤ L/h ≤ 20 and L/h < 2.
L/h > 20 Linear Long Wave Theory (Airy) (86)
2 ≤ L/h ≤ 20 Small Amplitude Wave Theory 1st order (Airy)
L/h < 2 Small amplitude Wave Theory 1st order (Airy)
The linear long wave theory has assumptions of oscillatory wave type, irrotationality
of the flow and hydrostatic pressure distributions. The small amplitude wave theory
has the assumptions of oscillatory wave type, non-hydrostatic pressure distribution
and irrotational flow in the water body.
The nonlinear wave theories can be classified as
• Case: H/h << 1 & U < 10
There exist different wave theories to describe the wave characteristics in inter-
mediate and shallow water depth regime. The shallow water wave L/h > 20
can be described by the Trochoidal wave theory (Gerstner) with the assump-
tions of oscillatory wave type, rotational flow fields in the water column and
non-hydrostatic pressure distribution. The intermediate water wave can be
described by either small amplitude wave theory by Stokes or Miche/Dubreil-
Jacotin based on the assumptions of irrotationality or rotationality of the flow
field. The oscillatory wave type and non hydrostatic pressure distribution as-
sumptions are still made for both the theories.
• Case: H/h < 1 & U ≈ 1
The wave theories in this case are valid for intermediate to shallow water depth
regimes given by L/h > 10. The presented water wave theories in this range are
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the cnoidal wave theory given by Korteweg and de Vries, Solitary wave theory
given by Scott-Russell and the solitary wave theory given by Boussinesq. While
the cnoidal wave theory describes oscillatory type of wave form, the solitary
wave theories in both the cases describe a translatory type of wave.
• Case: All H/h & U  1
The wave theories for this case are described for shallow water depths L/h 20.
In this regime, the wave theories have the assumptions of irrotational flow field
and hydrostatic pressure distribution. The wave types described are translatory
waves. The long wave theory by Airy, theory of tidal bore by Saint Venant and
roll waves and flood wave and monoclinal wave theories by Thomas are valid in
this regime.
5.4.3 Linear wave theory
The linear wave theory is so called because the terms of higher order in the derivation
such as (H/L)2 are neglected in the free surface boundary condition and water par-
ticle velocity components (Airy (1845)). The resulting equations defining the wave
characteristics is known as Airy theory, linear wave theory, small amplitude wave
theory and sinusoidal wave theory. The general range of validity of the linear wave
theory is given by
H/h < 0.03H/L < 0.006 (87)
which results in U → 0. This theory has wide engineering applications and is used
across shallow, intermediate and deep water depth regimes. The primary parameters
that describe the wave are the wave length L, wave height H or wave amplitude a.
The wave celerity c and the wave period T can be determined theoretically from these











where k is the wave number and ω = 2π/T is the wave frequency. The wave length
and wave period are related as c = L/T = ω/k. In deep water L/h < 2, the wave
speed is given as c = gt/2π and in shallow water L/h > 20, c =
√
gh. Equation 88










The wave celerity equation and its asymptotes are shown in Fig. 88. The experimental
wavelength measurements for the first three waves are shown in the same figure. The
frequency dispersion effects causes the wave group to stretch in the intermediate and
deep water depth regime due to wave period dependent propagation velocity. In
shallow water the wave celerity depends only on the water depth as given by the
asymptote, while in intermediate water depths, the wave celerity depends on the
water depth and the wave period.
Figure 88: Nondimensional wave celerity versus non dimensional wave length shown
for linear wave theory according to Eq. 89 (Dean and Dalrymple (2004)). The
measured wave length of the first three waves is shown as point cloud.
The dispersion effects of the experimental data is shown in Fig. 88. The wave
characteristics of the wave train vary from the leading wave towards the back of the
train. Landslide generated waves span from shallow water depth to deep water depth
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regime from the front of the wave train towards the rear.
5.4.4 Nonlinear wave theory
The nonlinear water wave theories are established by including the higher terms such
as (H/L)2 in the governing equation and boundary conditions. The nonlinear waves
may still be periodic in nature but the wave profile is more peaked at the crest
and flat at the trough when compared with the sinusoidal wave forms. The water
particles under nonlinear waves describe open paths and hence the wave propagation
includes mass transport. The set of nonlinear equations that govern the wave motion
are governed by nonlinear partial differential equations which are usually difficult to
solve analytically. In most cases, the governing equations may be solved numerically.
As an effect of the inclusion of higher order terms in the equations, the resulting wave
characteristics such as the wave periods, wavelengths and wave celerities depend on
the wave amplitudes as well. Unlike linear wave theory, no nonlinear theory exists
which covers the entire range from shallow water depths to deep water depths. The
classical wave theories for nonlinear waves can be described based on the importance
of key non dimensional wave parameters: relative wave length L/h, relative wave
height H/h or amplitude a/h and the wave steepness H/L. These non dimensional
parameters result in the Ursell parameter U = HL2/h3, which gives the ratio of
nonlinear effects to dispersive effects. In deep water, the significant parameter was
found to be the wave steepness, while the relative wave length and the wave height
are the key parameters in the shallow water depth regime. In intermediate waters,
the Ursell parameter is significant and is used to describe the various wave theory
classifications.
The most widely used nonlinear wave theory was developed by Stokes (1847) by
the perturbation method approach. The second order wave theory was developed for
finite amplitude waves as a power series expansion of the wave steepness H/L based on
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potential flow with a non hydrostatic pressure distribution. Stokes waves are steeper
than sinusoidal waves and the accuracy of the results decreases with increasing wave
steepness. For larger wave steepness up to the breaking limit, the fifth order theory is
commonly used given by Skjelbreia and Hendrickson (1961) and Fenton (1985). The
Stokes wave theory is applicable for deep water waves and partially in the intermediate
water range. The range of Stokes theory is defined as 2 ≤ L/h ≤ 20 according to
LeMéhauté (1976). For the fifth order theory the limitation is reduced to L/h < 10
according to Keulegan (1950).
A finite amplitude wave theory was developed in shallow water by Korteweg and
de Vries (1895) commonly known as the cnoidal wave theory based on the KdV
equations in which h/L was assumed small. Cnoidal waves are periodic and have a
constant form described by the Jacobi’s elliptic cn-functions. This theory was devel-
oped based on the assumptions of hydrostatic pressure distribution for the first order
and non hydrostatic pressure distributions of the second order. The cnoidal wave
theory is applicable for U > 26 according to LeMéhauté (1976) and Sorensen (1993)
and is valid in the range L/h ≥ 10 according to Keulegan (1950). cnoidal wave theo-
ries were presented by Keulegan and Patterson (1940), Keller (1948), Laitone (1960),
Chappelear (1962) and Fenton (1985). The first order cnoidal is most commonly used
to describe waves of finite amplitudes in shallow waters. According to Wiegel (1960),
Dean and Dalrymple (2004), the cnoidal wave theory is bound in a range limited by
linear wave theory and solitary wave theory on the other end (T →∞).
A solitary wave theory was presented by Boussinesq (1871) and Boussinesq (1872).
The solitary wave is defined by an infinitely long period and wavelength, and zero
trough amplitude. the solitary wave consists of only the wave crest which is completely
above the mean water level. The solitary wave theory by Boussinesq (1871) and
Rayleigh (1876) has the assumption of non hydrostatic pressure distribution and
rotation flow. The terms of (H/h)2 in the derivation are neglected. The solitary wave
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with amplitude a and still water depth h. The solitary wave theories up to second
order were presented by McCowan (1894) and Laitone (1960) where terms of order
(H/h)3 were neglected. This resulted in nonuniform distributions of the horizontal
velocity when compared with Boussinesq (1871). The applications of solitary wave
theory were given by Munk (1949) and Wiegel (1964). The theory of Boussinesq is
recommend for wide practical engineering applications due to a good description of
the main features of a solitary wave such as the wave celerity and surface profile. For
numerical solutions of solitary wave theory, it is referred to Monaghan and Kos (2000),
Shi et al. (1998), Teng (1997), Teng and Wu (1992), Teng and Wu (1994) among
others. The validity of nonlinear wave theories is composed of mathematical validity
on how well the theory is representative of the governing equations and the boundary
conditions and physical validity, which associates theoretical wave components with
observed or actual measurements. An analytical validity is given by Dean (1974).
5.4.5 Applicability of wave theories
The classical wave theories can be used to study and model the various water wave
phenomenon in nature. While linear wave theory is applicable across all the water
depth regimes, it is limited only for small amplitude water waves. Unlike linear theory,
no non-linear water wave theory exists across shallow, intermediate and deep water
depth regimes. Due to the wave generation mechanisms and frequency dispersion
effects of waves generated by granular landslides, various sections of the wave train
may exist in different water depth regimes (see Fig. 88). Additionally the tsunami
waves generated by granular landslides in the present study are all found to be non-
linear based on the wave steepness, relative wave height and Ursell parameter. The
practical applications for the wave profiles may be made with cnoidal and solitary
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wave theories for finite amplitude shallow water waves and Stokes theory for finite
amplitude deep water waves. The above mentioned wave theories include mass trans-
port due to irrotationality and nonlinearity. The radial and angular variability of the
landslide generated tsunami waves must be kept in account when applying classical
wave theories for analysis.
The range of applicability of classical wave theories is shown in Fig. 89 along with
the present experimental data.
(a) (b)
Figure 89: Applicability of analytical wave theories: (a) validities defined by the
best fit dynamic free surface boundary condition (Dean (1970)); (b) recommended
ranges by LeMéhauté (1976). Symbols correspond to (◦) 1 < f < 2; () 2 < F < 3;
(3) 3 < F < 3.5. Hb is the breaking wave height and U is the Ursell parameter.
Stokes (1847) second order theory for finite amplitude waves was developed by the
perturbation method expansion of H/L. The assumption of H/h small is applicable
only in deep and intermediate water depths. The accuracy decreases with increasing
wave steepness, which is remedied by the fifth order wave theory (Skjelbreia and
Hendrickson (1961), Fenton (1985) up to the wave breaking limit. In the shallow
water depth regime, cnoidal wave theory developed by Korteweg and de Vries (1895)
describes waves of finite amplitudes. The transition between the applicable ranges
for cnoidal wave theory and Stokes fifth order wave theory occurs in the intermediate
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water depth range. The transition occurs at approximately U = 26 (LeMéhauté
(1976)). The cnoidal wave theory is applicable for U ≥ 26 and Stokes theory for
U < 26. The leading wave crest in the present experimental study propagates with
the solitary wave theory. The leading waves generated by landslides are observed
to be in the range U ≥ 26. Hence the cnoidal wave theory may be applicable to
certain sections of the leading wave profiles in the generated wave train. The second
wave in the wave train is observed to exist in the intermediate water depth regime
with 2 < U < 400. Some portions of the trailing waves with U ≥ 26 may be
described with cnoidal wave theory. All other waves with U < 26 may be described
by Stokes wave theory. The trailing waves of the landslide generated wave train
correspond to the Stokesian regime (Fig. 89). Some of the trailing waves in the far
field fall in the linear water waves regime with H/h < 0.03 and H/L < 0.006 in Fig.
89(b) and may be described with Airy or small amplitude water wave theory. The
landslide generated tsunami waves range approximately corresponds to those given
by Kamphuis and Bowering (1970) and Huber (1980). This range further matches the
range of explosion generated waves by LeMéhauté and Khangoankar (1992). While
the leading waves can be explained by cnoidal wave theory, the trailing waves can be
described by Stokes wave theory.
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CHAPTER VI
TSUNAMI RUNUP AND RUNDOWN ON HILL SLOPE
6.1 Introduction
Tsunami generation by landslides is characterized by lateral wave propagation on the
hill slope and the associated runup and rundown of the tsunami wave. The lateral
tsunami waves are defined as the waves that propagate in a direction perpendicular
to the landslide motion. In the wave reference coordinate system, the lateral tsunami
waves travel along the directional ray of θ = 90◦. The definition of terms in the
tsunami runup/rundown analysis is shown in Fig. 90.
(a) (b)
Figure 90: Landslide generated tsunami runup wave definitions on the hill slope.
The tsunami runup and rundown in the near field area of landslide impact are
important for tsunami hazard mitigation. The lateral waves are usually slower than
the outwards propagating tsunami waves due to shallow water depths at the hill slope.
But the arrival times can be earlier since the shoreline is closest to the landslide source.
The coastal areas adjacent the landslide impacts are prone to hazards initially from
the lateral tsunami waves.
The lateral waves in the present study are measured by an array of wave gauges
on the hill slope and a camera array with viewing area on the hill slope. While the
PIV camera covers the impact region, a second camera is placed laterally off axis
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to cover the remainder area on the hill slope. The measurements are made relating
to the lateral wave profile, shoreline variation during the lateral wave propagation,
extents of maximum runup and rundown of the shoreline on the hill slope and lateral
tsunami wave characteristics.
6.2 Shoreline Drawdown And Lateral Tsunami Waves
The image sequence recorded by the two overhead cameras is used to measure the
shoreline displacement relative to time of landslide motion. The image sequences
are calibrated and corrected for radial distortions. A checkered pattern of crosses is
placed 0.3 m apart in the longitudinal and transverse directions on the hill slope to
calibrate and correct the image sequence as shown in Fig. 91(b). Figure 91 shows
the extent of the area on the hill slope that is available for shoreline measurements.
(a) (b)
Figure 91: Extent of the hill slope from (a) the impact area to (b) the edge of the
measurement area. y = 0 corresponds to the impact location.
The wave generation mechanism for lateral tsunami wave by subaerial landslides
is analogous to the wave generation process described in Sec. 5.2 . The subaerial
landslides impact at the water surface induces a shoreline displacement on the hill
slope during the impact process. The initial water displacement and the subsequent
drawdown of the water surface generates the leading crest and trough of the lateral
wave. The lateral wave is fully formed after a certain propagation distance away
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from the impact. This distance varies in the experimental process depending on the
landslide impact characteristics. The spatial extent of the shoreline is measured in
the framed area. The time series of the shoreline is obtained from the shoreline
measurements from the image sequence. The shoreline variations with time at the
impact region during the wave generation process are shown in Fig. 92. Also shown is
the maximum runup and drawdown of the water surface during the wave generation
and lateral propagation along the hill slope.
Figure 92: Shoreline variations shown in the landslide impact zone shown for F =
1.8, S = 0.25 and V = 1.04. Frame rate of the image sequence is ∆t = 1/15 s. The
total time of the image sequence is 3.7 s from the moment of landslide impact.
The time history of the tsunami runup and rundown at the impact region is
obtained from the vertical component of the shoreline variations. The runup wave
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propagates in the lateral direction on the hill slope post impact. The subaerial land-
slide impacts leads to an initial drawdown of the water surface followed by a runup
after the collapse of the water surface displacement. The maximum tsunami runup
and rundown on the hill slope, in the landslide impact zone occurs at the impact
location along the landslide centerline, y = 0. The maximum runup and draw down
at the landslide impact location is shown in Fig. 93.
(a) (b)
Figure 93: Maximum runup and drawdown in the impact region: (a) amplitudes
of maximum runup and drawdown of the shoreline in the landslide impact region
0 ≤ r/h ≤ 3, (b) comparison between measured values and predicted with Eq. 92 at
r/h = 0.
The drawdown is caused by the water displacement due to the granular landslide
motion. As a result, the maximum tsunami runup and rundown may be directly
related to the initial landslide impact at the water surface, which is primarily governed
by the landslide Froude number F at impact and the landslide thickness S. The
maximum runup and rundown is also influenced by the landslide volume and width
at impact. A multi variable regression analysis yielded the predictive equations for














with correlation coefficient of r2 = 0.89, 0.89 for Ru and Rd respectively. The compar-
ison between the measured values and predicted values of maximum tsunami runup
and rundown at impact is shown in Fig. 93(b).
An increase in landslide Froude number increases the energy transfer from the
landslide into the water body during the impact which causes a further increase in
water displacement. An increase in the landslide thickness at impact produces an
increased energy flux from the landslide to the water body at impact, which in turn
increases the rate of water displacement away from the landslide source. The shoreline
variation outward from the landslide impact region is shown in the range 2 < y < 5.5
m in the TWB. The fully developed lateral wave propagation is seen in Fig. 94. The
wave reflection from the end of the hill slope truncates the tsunami runup time series.
The maximum tsunami runup and rundown on the hill slope is shown in Fig. 94.
The maximum tsunami runup and rundown at y/h = 4 is interpolated from








with correlation coefficient r2 = 0.9, 0.9 for Ru and Rd respectively. The measured
maximum tsunami runup and rundown with propagation distance along the hill slope
is shown in Fig. 95(a). The comparison between the measured values at r/h = 4,
θ = 90◦ and computed values is shown in Fig. 95(b).
The maximum tsunami runup and drawdown along the hill slope at r/h = 4
depends directly on the landslide Froude number, relative landslide thickness and
inversely on the relative landslide width at impact. The dependence on the relative
landslide volume varies for the maximum tsunami runup and rundown.
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Figure 94: Shoreline variations shown away from the landslide impact zone, 2 <
y < 5.5 m for F = 1.8, S = 0.25 and V = 1.04. Frame rate of the image sequence
is ∆t = 1/30 s. The total time of the image sequence is 5.7 s from time of landslide
impact. y = 0 corresponds to the impact location. The shoreline is represented by
the blue line and the runup, rundown are represented by the pink line.
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(a) (b)
Figure 95: Maximum runup and drawdown on the hill slope in 2 ≤ r/h ≤ 10:
(a) amplitudes of maximum runup and drawdown of the shoreline, (b) comparison
between measured values and predicted with Eq. 93 at r/h = 0.
6.3 Lateral Tsunami Wave Period
The time period of the lateral tsunami waves are measured from the lateral wave time
series from the image sequences and the tsunami runup time series from the wave
gauges by the upcrossing method. Analogous to the offshore propagating tsunami
wave, the runup period is defined from upcrossing to upcrossing point in the time
series. The first upcrossing point is defined as the moment when the water surface is
5% of the first wave crest amplitude, η = 0.05ac1. The measured wave period of the
1st lateral wave is shown in Fig. 96 for all the experimental runs. The wave period
of the 2nd lateral wave could not be determined due to the time series truncation by
wave reflection. Herein, the analysis for the leading lateral wave is presented.
The wave period of the leading lateral tsunami wave is measured in the prop-
agation distance range 0 < r/h < 20. The determined wave periods are within
10 < T
√
g/h < 20. The lateral wave period compares with the offshore propa-
gating wave which has the leading wave period as 4 < T1
√
g/h < 20 in the range
4 < r/h < 20. This further exhibits the radial wave front nature of tsunami waves
generated by 3D landslides on a constant bathymetry. The wave stretches out with
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Figure 96: Time period of leading runup wave, T
√
g/h along propagation distance
r/h: (◦) 1 < F < 2, (2) 2 < F < 3
the propagation away from radial source. The evolution of the lateral wave period
on the hill slope follows the evolution function of the wave period of the offshore










with correlation coefficient r2 = 0.89. The evolution of lateral wave period with
propagation distance is shown in Fig. 97.
(a) (b)
Figure 97: Time period of the leading runup wave: (a) normalized with the time
period coefficient 1/kTT
√
g/h as a function of propagation distance r/h from land-
slide impact, (b) comparison of measured values with the predicted values with Eq.
93. (◦) 1 < F < 2, (2) 2 < F < 3, (3) 3 < F < 3.5
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6.4 Lateral Tsunami Wave Celerity
The speed of the tsunami wave in the lateral direction is measured between runup
gauges as the wave propagates on the hill slope. The wave speed is measured for
the 1st lateral wave in all the experimental runs and the 2nd lateral wave in cases
where the time series permits the crest and trough identification. The wave celerity
is normalized with the shallow water speed
√
gh where h is the still water depth.
The lateral wave speed is measured in the range 0 < r/h < 20. The propagation
velocity of the leading lateral tsunami wave is in the range 0.35 < ccr1/
√
gh < 1
and 0.35 < ctr1/
√
gh < 1. The measured speed of the second wave is in the range
0.35 < ccr2/
√
gh < 0.85 and 0.3 < ctr2/
√
gh < 0.85. The reduction in wave speed
from the 1st to the 2nd trailing wave may be due to dispersion effects similar to the
offshore propagating wave speed. The celerity of the second wave is on an average
15% lower than that of the 1st lateral wave. The propagation velocity of the lateral
wave is bound by the shallow water speed in the basin at the upper limit. Unlike the
offshore propagating wave, the lateral wave celerity is lower than the solitary wave
speed in the wave basin. The measured speeds of the first and second lateral tsunami
waves on the hill slope are shown in Fig. 98.
(a) (b)
Figure 98: Wave speed of runup wave crest and trough: (a) first wave, (b) second
wave. (◦) 1 < F < 2, (2) 2 < F < 3, (3) 3 < F < 3.5
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The evolution of the lateral wave speed with propagation distance is shown in
Fig. 99. The lateral wave crest and trough speeds are shown versus the propagation
distance r/h at direction θ = 90◦ for the first two waves in the lateral tsunami wave
train. The wave speed was found to increase with propagation distance similar to the
increase in wave period for the outwards propagating wave and runup waves away
from the landslide source. The dispersion effects due to the stretching of the wave
away from the landslide source causes the wave speed to increase with propagation
distance.
(a) (b)
Figure 99: Evolution of runup wave speed with propagation distance shown for (a)
first wave, (b) second wave. (◦) 1 < F < 2, (2) 2 < F < 3, (3) 3 < F < 3.5
6.5 Lateral Tsunami Wavelength












The wavelengths are based on the upcrossing wave periods of the 1st lateral wave
and the average lateral wave crest and trough speeds. The measured wavelengths
are found in the range 2.5 < L/h < 12 across the propagation distance 0 < r/h <
20. In comparison, the wavelength of the offshore propagating wave is measured as
5 < L/h < 15 in the propagation range 4 < r/h < 20. The measured wavelengths
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of the lateral waves are shorter than the offshore propagating wave. The generated
lateral waves propagates in lower water depths than the offshore propagating wave.
The lower water depths and the additional effects of the hill slope boundary causes
the runup waves to have lower time periods, propagation speeds and wavelengths as
they propagate away from impact area. The lateral wavelengths are found to increase








with correlation coefficient r2 = 0.9, where kL is the wavelength parameter. The rate
of increase of the lateral wavelength is similar to the rate at which the wavelength of
the offshore propagating waves are found to evolve with propagation distance. The
evolution of the measured wavelength with propagation distance is shown in Fig. 100.
(a) (b)
Figure 100: Wavelength of the leading runup wave: (a) normalized with the time
period coefficient 1/kLL/h as a function of propagation distance r/h from landslide
impact, (b) comparison of measured values with the predicted values with Eq. 95.





Tsunamis generated by 3D granular landslides are physically modeled in the 3D NEES
tsunami wave basin at Oregon State University in Corvallis. The model is based on
Froude’s similarity. The study was initiated to understand tsunami generation by
unconfined deformable granular landslides in three dimensions. This fills the gap
between previous experimental studies with solid block landslides, numerical studies
on landslide generated tsunamis and field observation of landslide generated tsunami
events. Predictive equations for the tsunami wave characteristics are obtained which
provides for initial rapid tsunami hazard estimation and mitigation. Further, the
experimental data serves validation and advancement of numerical landslide generated
tsunami models.
The key parameters that influence the tsunami wave generation by landslides
are the still water depth h, landslide shape parameters such as thickness s, width b,
volume Vs and landslide impact velocity vs. The experimental study encompassed the
range 1 < F < 3.4, 0.09 < S < 0.8, 1 < B < 4.7 and 0.25 < V < 28. The landslide
Froude number is the most important parameter with respect to the tsunami wave
characteristics, followed by the relative thickness S, width B and volume V . The
landslide impact velocity varies with the landslide volume, location and velocity of
landslide material release. The PIV based instantaneous landslide surface velocity
field highlights uniform distribution of the streamwise velocity across the landslide
width. The streamwise velocity decreases close to the landslide edges where the
landslide thickness approaches zero. Faster landslides retain a compact shape and
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reduced spread compared to slower landslides.
The 3D landslide generates a tsunami wave which propagates as a radial wave
front away from the impact. Subaerial impacts always results in an initial water
surface elevation followed by a trough. At impact, the maximum shoreline drawdown
always exceeded the maximum runup. Lateral tsunami waves are sometimes more
hazardous compared with outwards propagating wave due to the proximity of the
landslide source. The observed waves in the present study are of non-linear oscillatory
and non-linear transition wave types in the near field, while the far field waves decay
in the linear regime. The leading wave crest amplitudes are directly dependent on
the landslide Froude number and thickness at impact, while the landslide volume
affects the leading wave trough and trailing waves. The radial decay rate depends
additionally on the landslide width at impact. The angular decay rate of the leading
wave is slower than the trailing waves. The tsunami wave periods and wavelengths are
independent of the angular direction. The wave celerity of the first wave corresponds
closely to the solitary wave speed. The dispersion effects in the wave train lead to a
reduction in the celerity of the trailing waves.
The energy conversion between the landslide kinetic energy at impact and the
generated wave is lower when compared with 2D cases owing to the spread of the
unidirectional landslide energy through the radial wave front. Between 1%-15% of
the landslide kinetic energy is converted into the wave train. The leading wave crest
contains between 8%-60% of the wave train energy. The efficiency of wave generation
increases with increasing landslide Froude number and relative landslide thickness
at impact. On the other, hand the efficiency decreases with increasing landslide
volumes. The 3D landslide generated waves are weakly non-linear in nature and span
from shallow to deep water depth regime in the generated wave train.
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7.2 Contributions to tsunami research
The present experimental study on 3D tsunamis generated by granular landslides
is a systematic evolution of the earlier 2D physical models. This large scale study
is the first of its kind where tsunami generation by deformable granular landslides
are modeled in three dimensions. The ability to model the landslide with deformable
granular material and variable control parameters expands the range of study of land-
slide tsunami generation. The limitations of modeling the landslide with a solid block
is overcome in the present study by using deformable landslides which results in nat-
ural energy dissipation in the landslide tsunami system. An improvement is achieved
in predicting the wave amplitude attenuation away from the landslide source, com-
pared with earlier models. The reduced scale difference between model and prototype
facilitates application to field cases. The empirical equations obtained in the present
study may provide a rapid initial assessment of landslide generated tsunami hazards
in field events. Of practical importance are mainly the prediction of wave amplitudes,
the attenuation function of the wave amplitudes away from the landslide source and
the wave propagation velocity which enables the prediction of tsunami arrival times.
This study provides an improvement in understanding the 3D water surface behavior
including shoreline displacements in the impact region which are essential for validat-
ing the numerical models. The experimental data provides high precision benchmarks
for validating fully three dimensional numerical models simulating landslide tsunami
generation.
7.3 Outlook
The outcome of the present study may be expanded upon several parameters that
were constant, such as the granular material density and hill slope angle within the
range offered by the pneumatic landslide tsunami generator. By varying the granular
material, the effect of landslide mass on the wave generation may be investigated.
191
The application of the present study to field cases may not be extrapolated outside
the present range of the experimental parameters. The experimental study may be
expanded upon the limitations of the present non-dimensional parameters to enable a
wider applications of the obtained results to field cases. In real world cases, landslide
tsunami wave generation and propagation are often complicated due to the complex
bathymetry, wave transformations and reflections. While the scenarios for studying
tsunamis generated by landslides spanning from fjords to volcanic islands are numer-
ous, experimental studies remain limited to select scenarios and parameters in large
scale physical models. However, the physical model provides high precision data which
serves as benchmark for validating numerical models. Field data from landslide gen-
erated tsunami are scarce and are nonexistent in the realm of the tsunami generation
by landslides. The combination of field observation, physical models and numerical
simulations will provide for a deeper understanding on the phenomenon. By ensuring
accurate representation of the landslide water body coupling in the impact region,
the wave generation may be studied in complex bathymetries and topographies. It
should be noted that the various processes that occur such as the landslide motion,
tsunami generation, propagation and runup overlap each other during the event and
are individually complicated. Numerical models will allow capturing of the com-
plex wave propagation patterns due to wave transformations in complex bathymetry.
For accurate representation of the landslide generated tsunami events, the numerical
model has to capture the complex interactions between the granulate, air and water
phases in the impact region. The generated wave may then be simulated by wave
propagation models. The field data combined with site specific physical models and
numerical models can then be used to develop a further understanding of the complex
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